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Eukaryotic organelles evolve to support the lifestyle of evolutionarily related organisms. 
In the fungi, filamentous Ascomycetes possess dense-core organelles called Woronin 
bodies (WBs). These organelles originate from peroxisomes and perform an adaptive 
function to seal septal pores in response to cellular wounding.  
 
Previously, it was found that WBs are centered on a self-assembled HEX1 protein in N. 
crassa.  A WB specific membrane protein WSC that is required for WB biogenesis has 
been identified recently to envelope HEX assemblies at the peroxisome membrane and 
help them bud from the peroxisome matrix. Also, it is known that cortical association of 
WB requires WSC. 
 
I conducted a screen for proteins associated with WB biogenesis and identified Leashin 
(LAH) protein.  Using genetic, cellular and biochemical methods, I show that Leashin 
encodes an organellar tether required for WB inheritance.  In addition, I associate 
Leashin with evolutionary variation in the subcellular pattern of WB distribution.  
 
In Neurospora, the leashin locus encodes two related adjacent genes. I named the 5’ gene 
lah-1 and the downstream gene lah-2. The N-terminal sequences of LAH-1 bind WBs via 
the WB–specific membrane protein WSC, and C-terminal sequences are required for WB 
inheritance by cell cortex association.  LAH-2 is localized to the hyphal apex and septal 





In most species, WBs are tethered directly to the pore rim. However, Neurospora and 
relatives have evolved a delocalized pattern of cortex association. Using a new method 
for the construction of chromosomally encoded fusion proteins, marker fusion tagging 
(MFT), I show that a LAH-1/LAH-2 fusion can reproduce the ancestral pattern in 
Neurospora. My results identify the link between the WB and cell cortex and suggest that 
splitting of leashin played a key role in the adaptive evolution of organelle localization. I 
present a model in which WB biogenesis occurs in a three-tier process that links 
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CHAPTER 1: INTRODUCTION 
1.1  Peroxisome and its functions 
Peroxisomes are subcellular organelles (0.1-1µm) found in all eukaryotes and consist of a 
single membrane (Fujiki and Lazarow, 1985). Peroxisomes are known to remove cell 
toxic substances such as hydrogen peroxides and involved in metabolic activities 
concerned with oxygen utilization and lipids metabolism (van den Bosch et al., 1992; 
Wanders et al., 2001). Beside metabolic functions, peroxisome also plays a vital role in 
development and differentiation. For example, in mammals, peroxisomes are essential for 
the biosynthesis of plasmalogens (Farooqu and Horrocks, 2001; Motley et al., 2000; 
Petriv et al., 2002)  
 
In human, defects in peroxisome biogenesis or its metabolic function cause several 
diseases (Baumgartner and Saudubray, 2002). Most of these diseases such as the 
Zellweger syndrome and the rhizomelic chondrodysplasia punctata type 1, cause 
neurological impairment (Titorenko and Rachubinski, 2004). Thus, it is important to 




1.1.1  Biogenesis of peroxisomes 
Peroxisome biogenesis has been well characterized in various model organisms. In the 
process of characterization, a group of pex genes have been identified to be required for 




have been identified (Heiland and Erdmann, 2005). Peroxins can be classified under three 
groups based on their functions (Gould and Valle, 2000). The first group of peroxins is 
required for peroxisomal matrix protein import while the second group is involved in 
both peroxisomal membrane and matrix protein import. The last group consists of only 
PEX11, which functions to regulate peroxisome abundance but not protein import 
(Brown and Baker, 2003).  
 
There are two models for peroxisome biogenesis. In the classical model, peroxisomes 
arise through the growth and division of pre-existent peroxisomes (Lazarow and Fujiki, 
1985). Strong evidence for this model came from experiments that show both 
peroxisomal matrix and membrane proteins are synthesized on the cytoplasmic ribosomes 
before imported into the peroxisomes (Lazarow and Fujiki, 1985). 
 
However, recent evidence suggests that in addition to the “growth and division model”, 
there is a pathway for de novo synthesis of peroxisomes from the ER (Sparkes and Baker, 
2002). This view is first supported by observations that peroxisomal matrix and 
membrane proteins are directed to their respective locations by different mechanisms 
(Erdmann and Blobel, 1996; Gould et al., 1996). Subsequently, it was found that ER is 
essential for the early steps of peroxisome biogenesis by delivery of proteins for the 
assembly of the peroxisomal membrane (Titorenko et al., 1997). Finally, de novo 
synthesis of peroxisomes is clearly shown in experiments where an integral membrane 
protein Pex3p is found to be essential for the formation of new peroxisomes (Hoepfner et 




docking factor for Pex19p, which then facilitates the budding of small preperoxisomal 
vesicles from the ER. 
 
 
1.1.2 Specialization of the peroxisome 
The composition of peroxisomes differs in different tissue and organisms. For instance, 
the peroxisomes present in plant leaves are specialized for photorespiration and contain 
several specialized aminotransferases for the oxidative photosynthetic carbon cycle 
(Reumann and Weber, 2006). Also, it had been shown that several distinctive organelles 
are found to be derived from the peroxisomes (Jedd and Chua, 2000). These cytoplasmic 
organelles consist of a single membrane and are frequently spherical in shape. In addition, 
they are generally involved in metabolic activity. These specialized organelles include the 
WB, glyoxisome and glycosome. However, they are not observed in all eukaryotic cells 
(Managadze et al., 2007; Markham, 1994). Hence, the formation of these organelles 
probably adapts organisms to suit their unique lifestyles.  
 
For example, one of the organelles derived from the peroxisomes is the WB, a dense-core 
organelle found exclusively in the Pezizomycotina. WBs perform an adaptive function in 
sealing the perforated septal pore in response to cellular wounding (Jedd, 2006). Further 
characterization of WBs will be discussed in section 1.2. Beside WBs, glyoxisome and 
glycosome are also derived from the peroxisomes. The glyoxisome is found in 
germinating seeds of plants as well as in some filamentous fungi. Glyoxisomes play an 




generate cell walls from the storage fat (Wurtz et al., 2008). Glycosomes consist of a 
single dense proteinaceous membrane and contain glycolytic enzymes for glucose 
metabolism. Glycosomes are found in a few species of protozoa such as the disease 
causing trypanosome and leishmania (Parsons, 2004). 
 
 
1.2 The Kingdom Fungi 
1.2.1 Phylogenetic distribution of fungi 
Fungi are one of the three eukaryotic kingdoms that independently evolved multicellular 
organization (Dhavale and Jedd, 2007). Fungi are divided into four distinct evolutionary 
phyla based on their physiological and morphological traits, as well as differences in 
nucleotide sequence data of molecular markers (Figure 1) (Berbee and Taylor, 2001; 
Bruns et al., 1992). The early diverging phyla, Zygomycetes and Chytridiomycetes can 
produce septa but are rare in vegetative growth (Dhavale and Jedd, 2007; Voigt and 
Wostemeyer, 2001). In contrast, most of the fungi belong to the recently evolved 
Ascomycetes and Basidiomycetes phyla and these contain perforated septal pores, which 
divide the hyphal into interconnected compartments (Dhavale and Jedd, 2007). 
Filamentous ascomycetes (Pezizomycotina) contain WBs while some of the 
Basidiomycetes contain an organelle called the septal pore cap (SPC).  Both organelles 
are believed to participate in septal pore plugging when there is damage to hyphal 













Figure 1. Fungal phylogenetic tree with selected characters indicated. The phylogeny is 
based on 18S ribosomal RNA (modified from Berbee and Taylor 2001). Ascomycetes 
and Basidiomycetes are shaded light grey and dark grey, respectively. The inferred 
phylogenetic origin of the perforate septum and Woronin body is indicated. The figure is 













1.2.2 The fungal mycelium 
Fungi can either display yeast-like or filamentous growth. However, filamentous hyphae 
are the predominant mode of vegetative cellular organization in the fungal kingdom. In 
vegetative growth, the extension of the hyphae is confined to the apical region of the 
hypha. As the apical region of the hyphae grows, hyphae branch and fuse to form an 
interconnected network of fungal mycelium (Glass et al., 2000).  The mycelium allows 
intercellular communication and trafficking of organelles within the colony and aids in 
invasive growth. Also, the mycelium allows the formation of complex forms of 
multicellular organization, which is important for homeostasis, communication and 
production of multicellular reproductive structures. 
 
 
1.2.3 Woronin Body 
Due to their diverse habitat and invasive nature, many filamentous fungi evolved 
organelles that adapt them to their unique fungal lifestyle (Markham, 1994). One of these 
organelles was coined “Woronin Body” by Buller in 1933 and functions to maintain 
hyphal integrity in response to wounding. WBs are formed de novo without the division 
of a pre-existing WB. WBs are clearly evolved for specific adaption to the mycelial 
growth habit as they are present only in the hyphal form of dimorphic fungi, Blastomyces 







1.2.3.1 History of Woronin body research 
The first identification of the WB was by the Russian Mycologist Michael Strepanovitch 
Woronin in the filamentous ascomycete Ascobolus pulcherrimus in 1864 (Buller, 1933) 
(Woronin, 1864). Early studies of the WB found them to “appear” in the apical region of 
the hyphae and move randomly sub-apically until they finally settle down against a 
longitudinal wall or septum (Buller, 1933; Ternetz, 1900). Subsequently, the “highly 
refractive” WBs were found in many filamentous fungi when viewed under the light 
microscope (Markham and Collinge, 1987; Trinci and Collinge, 1973). These fungi 
include plant and human pathogens.  
 
The ability for WBs to plug the adjacent septal pores in response to hyphal damage was 
first shown by Trinci and Collinge in 1973. The plugging of septal pore allows the 
maintenance of hyphal integrity following cellular damage and prevents excessive 
cytoplasmic loss (Jedd and Chua, 2000; Markham, 1994; Tenney et al., 2000). In addition, 
they discovered the deposition of yet unknown materials and regeneration of new hyphal 
tips in the region where WB had plugged the previously wounded site. The process is 
termed ‘consolidation’ (Collinge, 1987) and suggests that the WB is able to initiate a 
mechanism that allows rapid membrane re-sealing and re-growth. 
 
 
1.2.3.2 Identification and function of HEX protein 
Biochemical purification of WBs from Neurospora crassa (N. crassa) identified the HEX 




major component of WB (Jedd and Chua, 2000; Tenney et al., 2000). In a ∆hex strain, no 
WBs are observed and the hyphae suffered from extensive cytoplasmic loss.  In addition, 
expression of hex in yeast was sufficient for formation of WB-like core structures 
suggesting that HEX is a major WB structural protein (Jedd and Chua, 2000).   
 
HEX was identified by protein sequencing and found to define a family of closely related 
proteins unique to the Pezizomycotina (Jedd and Chua, 2000; Tenney et al., 2000). Also, 
HEX contains a peroxisome targeting signal (PTS-1) at its C-terminal end and has been 
proven to be transported into the peroxisomal matrix (Tey et al., 2005). Interestingly, 
when N. crassa hex was expressed in the yeast Saccharomyces cerevisiae (S. cerevisiae) 
which does not possess any native WBs, the HEX protein self assembles to form a 
hexagonal WB-like structure (Jedd and Chua, 2000). Also, purified HEX can assemble to 
form a hexagonal structure from pure recombinant protein (Jedd and Chua, 2000). These 
data suggest that HEX proteins are able to self assemble to form the WB core. In addition, 
antibodies to HEX are localized to the matrix of the WB in N. crassa, Aspergillus 
nidulans (A. nidulans) and Magnaporthe grisea (M. grisea) (Jedd and Chua, 2000; 
Momany et al., 2002; Soundararajan et al., 2004). In different Δhex filamentous fungi, no 
WBs are observed and extensive cytoplasmic bleeding is observed when the cell is 
wounded (Jedd and Chua, 2000; Momany et al., 2002; Soundararajan et al., 2004). Also, 
there is a defect in resumption of polarized growth after hyphae damaged (Jedd and Chua, 
2000). Taken together, these results shown that HEX is a major component of the WB 





WB biogenesis occurs in the apical hyphal compartment as recently shown through a 
series of elegant experiments (Tey et al., 2005). First, HEX assemblies are found only in 
the peroxisome matrix of large peroxisomes and these peroxisomes are found only in the 
apical hyphal compartment (defined by the hyphal tip and first septum). Second, hex 
expression is polarized to the apical compartments of N. crassa hyphae and this spatial 
pattern of gene expression determines WB formation in apical compartment: When hex 
expression is reprogrammed to sub-apical regions of the hyphae by using the ccg-1 
promoter, WBs are only seen in sub-apical compartments. This indicates that localization 
of hex expression determines the site of WB formation. Lastly, time-lapse movies have 
shown that WB maturation involves budding of HEX assemblies from the peroxisome 
matrix and subsequent association with the cell cortex. The continuous execution of this 
process ensures that WBs are inherited evenly in hyphae. Taken together, these data show 
that polarized hex expression determines WB biogenesis at the growing hyphal tip. The 
nascent WBs formed at the hyphal apex are inherited into sub-apical compartments by 
association with the cell cortex, an event that occurs coincidentally with septation.  
 
Besides plugging of the perforated septal pore in damaged hyphae, other functions of 
WBs have been identified recently. For instance, HEX is found to be required in 
appressorium morphogenesis, invasive growth and nitrogen stress in M. grisea 
(Soundararajan et al., 2004).  More work is required to determine whether these 
phenotypes reflect defects in pore occlusion or additional as yet unknown functions of the 





Recently, PRO40 (PROTOPERITHECIA40) and SO (SOFT) proteins required for the 
formation of mature perithecia during sexual development in Sordaria macrospore (S. 
macrospore) and N. crassa respectively were found to be accumulating at the septal pore 
during hyphal damage (Engh et al., 2007; Fleissner and Glass, 2007). Beside sexual 
development, SO is also involved in hyphal fusion (anastomosis) (Fleissner and Glass, 
2007). PRO40 is found to be associated with the WB at the plugged septal pore while SO 
accumulation at the septal pore is WB independent (Engh et al., 2007; Fleissner and 
Glass, 2007).  However, PRO40 does not affect WB function (Engh et al., 2007). Taken 
together, these data suggest that even though PRO40 is associated with the WB, it is not 
essential for biogenesis and proper functioning of WB as it does not exhibit any 
morphological nor functional defects when mutated. Instead, both SO and PRO40 
proteins might enhance the efficiency of pore sealing and recovery of a damaged hyphal.  
Nevertheless, it is intriguing that two genes associated with sexual development either 
couple with the WB or link with the injured septal pore during hyphal damage. This 




1.2.3.3 Appearance of Woronin bodies 
When viewed by transmission electron microscopy (TEM), WBs possess a dense 
osmophilic core surrounded by a tightly appressed unit membrane.  This structure usually 
has a diameter in the range of 0.1-0.75 µm (Markham and Collinge, 1987). In addition, 




provided early evidence that WBs are synthesized from peroxisomes (Camp, 1977; 
Wergin, 1973).  
 
The size of WBs differs between species and varies from around 100 nm to over 1 µm 
(Dhavale and Jedd, 2007). Interestingly, the sizes of the WBs in different fungi are 
consistently found to be slightly larger than the inner diameter of the septal pore 
(Markham and Collinge, 1987). This indicates that there must be a mechanism to control 
both the assembly of proteins and the size of WBs between different fungi. However, the 
machinery has not been identified yet. 
 
Interestingly, in most of the Pezizomycotina, the WBs are spheroidal in shape while N. 
crassa is one of the few fungi containing a hexagonal WB (Dhavale and Jedd, 2007; Ng 
et al., 2009). The differences in the structures and size of WBs might suggest that 
different subset of proteins are required for the assemblies of WBs in different fungi and 
to provide an adaptive function to suit their lifestyles. One possible model is that hex, a 
major core component of WB, can be alternatively spliced to produce two variant 
proteins of different sizes in M. grisea and Aspergillus oryzae (A. oryzae) but not N. 
crassa (Dhavale and Jedd, 2007). In addition, three different transcripts of hex have been 
identified in Trichoderna reesei (Curach et al., 2004). Hence, the assembly of different 
variants of HEX might account for the differences in WB size and shape in different 






1.2.3.4 Crystal structure of the Woronin body core in Neurospora crassa   
The crystal lattice of N. crassa HEX has been determined at a resolution of 1.8 Å and 
provides the basis to understand self-assembly of HEX to form the WB core (Yuan et al., 
2003). The HEX monomer consists of two mutually perpendicular domains consisting of 
antiparallel β–barrels. The HEX monomer structure reveals the presence of three 
intermolecular interfaces that promote self-assembly and formation of a three-
dimensional protein lattice.  Both the group I and II interfaces are centered on a bidenate 
arrangement of salt bridges. The alternative interactions between group I and II from 
different HEX proteins result in the formation of a coiled filament which is crosslinked 
by the group III interface to produce the six-fold symmetry characteristic of the N. crassa 
WB (Yuan et al., 2003). Mutations of intermolecular contact residues caused the 
production of aberrant and non-functional WBs (Yuan et al., 2003). For instance, the 
H39G mutation in the Group I interface leads to the formation of abnormal spherical 
WBs. HEX assembly structure can be seen by both TEM and light microscopy suggesting 
some degree of self-assembly.  However, these structures with mutations in 
intermolecular contact residues fail to attain a solid state and are soluble following 
detergent extraction.  These experiments show that the HEX crystal lattice is required for 
WB function.  The lattice is probably important as WBs require a solid core to plug the 








1.2.4 Proteins involved in Woronin body biogenesis 
The formation of HEX assemblies at the peroxisomal matrix suggests that some of the 
components required for peroxisome biogenesis might be required for WB biogenesis, 
differentiation and proliferation. Indeed, when S. cerevisiae cells are transformed with N. 
crassa hex, the WB-like structure formed required dynamin Vps1p and Dnm1p for their 
fission from the peroxisomes (Wurtz et al., 2008). Both Vps1p and Dnm1p are known to 
be required for peroxisome fission. 
 
 
1.2.4.1 The HEX sorting receptor, WSC 
WSC (Woronin body sorting complex) is a WB specific peroxisome membrane protein 
identified from a forward genetic screen for WB loss-of-function (Liu et al., 2008). WSC 
forms detergent resistant oligomers that envelope HEX assemblies to produce 
asymmetric nascent WBs.  In a second function, WSC functions to promote cortex 
association and this function depends on the level of WSC in the membrane, suggesting 
that WSC couples organelle morphogenesis and inheritance.  One outstanding question 
concerns the link between WSC and the cell cortex.  This question is partly resolved in 




More evidence is emerging that indicates peroxins are involved in WB biogenesis and 




peroxisome proliferation and division (Erdmann and Blobel, 1995; Marshall et al., 1995). 
In A. oryzae, deletion of Aopex11-1 gene results in enlarged peroxisomes and extensive 
cytoplasmic loss upon hyphal damage (Escano et al., 2009). Also, in Δpex11 strain, WBs 
are unable to bud out from the peroxisomes and remain attached to the peroxisome 
membrane. Thus, PEX11 is implicated in WB fission from the peroxisome but not HEX 
assemblies in the peroxisome matrix (Escano et al., 2009).  
 
Beside PEX 11, PEX3 and PEX 16 are required for peroxisome biogenesis and are also 
found to be essential for WB biogenesis (Liu et al., 2008). Another apparent group of 
peroxins required for WB biogenesis is the peroxins that are involved in importing 
proteins into the peroxisome matrix. hex contain a PTS1 signal at its C-terminal region, 
which is required for peroxisomal import and assembly. Thus, defects in PEX5 which is 
involved in the PTS1 matrix import pathway but not PEX7 and PEX20 which are 
associated with the PTS2 matrix import pathway also cause WB biogenesis defect (Liu et 
al., 2008). Lastly, peroxins involved in the matrix protein import pathway such as PEX1, 
4, 6, 10, 12 and 14 do not contain any WBs if they are deleted in both M. grisea and N. 
crassa (Liu et al., 2008; Managadze et al., 2007; Ramos-Pamplona and Naqvi, 2006).  
 
 
1.3 Organelle segregation 
1.3.1  Importance of proper organelle segregation 
A eukaryotic cell requires different organelles to execute a variety of functions associated 




processes into different organelles, the cell can ensure that a diversity of events can be 
carried out simultaneously. However, this will create some challenges for the cell. For 
examples, mechanisms must exist to ensure the proper segregation of organelles during 
cell division. Organelles like the endoplasmic reticulum (ER), mitochondria and 
chloroplast cannot be made de novo and must be faithfully inherited from the mother to 
the daughter cell (Fagarasanu and Rachubinski, 2007). Other cytoplasmic organelles like 
peroxisomes, lysosomes and the Golgi complex can be synthesis de novo from the ER 
(Fagarasanu and Rachubinski, 2007). Nevertheless, these organelles have mechanisms for 
proper segregation into daughter cells which implies organelle inheritance is more 
favored than de novo synthesis (Fagarasanu and Rachubinski, 2007).  
 
The budding yeast S. cerevisiae has been widely used to study organelle inheritance 
(Weisman, 2006). This is because S. cerevisiae divides asymmetrically by budding and it 
is easy to visualize mutants in which organelles are unable to segregate between mother 
and the budding daughter cells (Fagarasanu and Rachubinski, 2007). In the following 
sections, I will discuss the mechanisms of inheritance for some of the organelles in S. 
cerevisiae and animals and explain the similarities or differences in inheritance among 









1.3.2  Mechanisms of organelle segregation 
1.3.2.1 Mitochondria  
Mitochondria are known to be the ‘cellular power plants’ as they generate the majority of 
ATP required by the cell. However, they cannot be made de novo and thus mitochondrial 
inheritance is tightly associated with the cell cycle (Boldogh et al., 2005). 
 
In S. cerevisiae, mitochondria form a branched tubular reticulum that lies underneath the 
plasma membrane. The mitochondrial network is highly dynamic (Sogo and Yaffe, 1994). 
Like the vacuole, the structure of mitochondria changes according to the cell cycle, which 
allows their equal segregation after cytokinesis. Currently, the identities of proteins that 
initiate structural changes in mitochondria during late G1 are unknown in S. cerevisiae. 
Like vacuoles and peroxisomes, mitochondria align along actin cables in late G1 phase. 
During S phase, as soon as the bud is formed, a part of the mitochondrial network extends 
into the bud and the remaining portion will be simultaneously retracted to the cell pole 
distal to the bud (Boldogh et al., 2005). Once the mitochondria are transported into the 
bud, Myo2p from the type V myosin family and its binding partner Rab-GTPase, Ypt11p 
will anchor the mitochondria to the bud tip (Lowe and Barr, 2007). Simultaneously, 
Mmm1p and Mdm10p from the mitochore complex, as well as Dnm1p and Num1p which 
are known to be involved in mitochondrial division are required for immobilizing 
mitochondria to the mother cell tip (Cerveny et al., 2007; Yang et al., 1999). Once 
mitochondria reach the opposite poles, they will be immobilized until the next cell cycle 
(Wedlich-Soldner et al., 2004). Thus, both anterograde and retrograde movements of the 




respectively. Interestingly, even though the actin cytoskeleton is required for 
mitochondrial movement, myosin-like Myo2p that is associated with the actin cables is 
not involved in their segregations. Instead, three mitochondrial outer membrane proteins, 
Mmm1p, Mdm10p and Mdm12p form a complex (“the mitochore”) required for 
association of mitochondria to the actin cables (Chen and Butow, 2005). The mitochore 
complex is proposed to interact with mitochondrial inner membrane proteins Mdm31p 
and Mdm32p to form a supramolecular complex (Chen and Butow, 2005). This complex 
then mediates the tethering of mitochondrial DNA to its inner membrane as well as 
attachment of mitochondria to actin cables (Chen and Butow, 2005).  Mutation in any 
members of the mitochore will result in deformed mitochondrial shape, segregation 
defects and mitochondrial DNA instability (Boldogh et al., 2005). 
 
Two independent mechanisms propel the mitochondrial movement without the use of 
myosin motors. Retrograde movement is described in the previous paragraph. For 
anterograde movement to the bud tip, activated Arp2/3 complexes attach to the side of a 
pre-existing actin filament and nucleate assembly of a new filament, which grows at an 
acute angle relative to the original filament (Fagarasanu and Rachubinski, 2007). 
Repeated rounds of nucleation result in the formation of a meshwork of actin filaments 
that grow at the barbed ends while Arp2/3 complexes stabilize the pointed end 
(Fagarasanu and Rachubinski, 2007). The Arp2/3 complex is associated with the 
mitochondrial surface and the growth of actin filaments will propel the mitochondria to 
move forward using the actin cables as tracks. For retrograde mitochondrial movement, 




monomers (Boldogh and Pon, 2006; Fehrenbacher et al., 2004). As a result, growing 
actin cables will slowly translocate to the growing tip of the mother cell. Thus, 
mitochondria attached to the actin cable will move passively in a retrograde manner. 
 
Non-sexual mitochondria inheritance has not been studied extensively in animal cells. 
However, it is known that in contrast to plants and the budding yeast, microtubules are 
implicated as major molecular tracks for mitochondria in animal cells (Boldogh et al., 
2005). Mitochondrial movement is dependent on the activity of microtubule-associated 
kinesin motors (Pereira et al., 1997; Sturmer et al., 1995; Tanaka et al., 1998). In 
Drosophila, KLP67A (Kinesin-Like Protein) was shown to act as a plus-end directed 
mitochondrial motor in proliferative cells (Pereira et al., 1997) while KIF5B kinesin is 
required for mitochondrial transport in mice (Tanaka et al., 1998). In rare cases where 
cells like the locust photoreceptor are devoid of microtubules, mitochondria will move 




Peroxisomes are ubiquitous organelles known to be involved in β-oxidation of fatty acids 
and metabolism of hydrogen peroxide. Similarly to others organelles in S. cerevisiae, as 
soon as the daughter cell buds from the mother cell in S phase, approximately half of the 
peroxisomes will detached themselves from their cortical positions and segregate towards 
the polarized bud tip. However unlike mitochondria, transport of the peroxisomes to the 




2007). Peroxisomes will be clustered at the bud tip and later distributed equally at the 
entire bud cortex just before cytokinesis. Recently, two peroxisomal proteins Inp1p and 
Inp2p were found to play a role in peroxisome inheritance in yeast (Fagarasanu et al., 
2006; Fagarasanu et al., 2005). 
 
 Inp1p is a peripheral protein involved in retaining peroxisomes at the cell cortex 
(Fagarasanu et al., 2005). In Δinp1 cell, peroxisomes move randomly in the mother cell 
and all of the peroxisomes will be inherited to the daughter cell. In addition, the 
peroxisomes are unable to attach to the daughter cell cortex in Δinp1 cell (Fagarasanu et 
al., 2005). Since over-expression of Inp1p will cause all the peroxisomes to be attached 
to the mother cell during cell division, Inp1p functions like a tether to immobilize 
peroxisomes at the cell cortex (Fagarasanu et al., 2005). However, the identity of the cell 
cortex anchors that recognize Inp1p and the mechanism that explains why only a portion 
of the peroxisomes will dissociate from the cell cortex in the mother cell remains 
unknown. 
 
Inp2p is a peroxisomal integral membrane protein and acts as a specific receptor for 
Myo2p (Chang et al., 2009). However, Inp2p can only be found in the 
Saccharomycetaceae. In Δinp2 cell, almost all of the peroxisomes were found in the 
mother cell and rarely in the daughter (Fagarasanu et al., 2006). Levels of Inp2p in the 
cell might regulate the inheritance of the peroxisomes. This is because the Inp2p level 
started to increase at the start of S phase and peaked in medium-sized budded cell when 




transport complexes were formed at the start of S phase and carry the peroxisomes to the 
bud. Before cytokinesis, the level of Inp2p dropped rapidly due to degradation and the 
Inp2p-Myo2p complex disassembled at the daughter cell. This will allow the 
peroxisomes to be attached to the daughter cell cortex. However, what triggers the 
degradation of Inp2p and what is the cortex anchor that recognizes Inp2p-Myo2p 
complex are unknown. Recently, Pex3Bp a paralogue of Pex3p has been identified and 
has similar functions as Inp2p in the yeast Yarrowia lipolytica (Chang et al., 2009). 
Pex3Bp is a peroxisomal integral membrane protein, which recruits peroxisomes to the 
daughter cell by binding to the class V myosin. As the Pex3 family is highly conserved 
among eukaryotes, this might indicate that Pex3Bp is required for the inheritance of 
peroxisomes in other eukaryotic systems. 
 
 
1.3.2.3 Vacuole / Lysosome 
The yeast vacuole is equivalent to the mammalian lysosome. Vacuoles in yeast are 
required for a wide range of processes including storage of metabolites, recycling of 
proteins, osmo-regulation and pH homeostasis.  
 
Comparable to the peroxisome, the vacuole are found to associate with the polarized actin 
cables just before S phase in S cerevisiae (Weisman, 2006). During S phase, the bud will 
become more visible and some of the vacuole will change morphology into a vacuolar 
‘segregation structure’ which will extend from the mother cell into the bud using Myo2p 




vacuolar ‘segregation structure’ is dynamic and continue throughout S and G2 phase 
before it is eventually terminated through dissolution of the structure (Weisman, 2006). 
Two vacuolar proteins, Vac17p and Vac8p are required for vacuole segregation. Vac17p 
is a peripheral membrane protein and functions as a specific receptor that links the 
vacuole with Myo2p.  In Δvac17 cells, the vacuole is unable to associate with Myo2p and 
fails to be inherited to the daughter cell (Ishikawa et al., 2003). Another vacuolar protein 
Vac8p is the docking site for Vac17p on the vacuolar membrane and Myo2p-Vac17p-
Vac8p will form the transport complex to move the vacuole into the bud (Tang et al., 
2003). 
 
Similar to Inp2p in the peroxisome, Vac17p is thought to be an ideal candidate to regulate 
vacuole inheritance (Weisman, 2006). Levels of Vac17p start to increase in S phase and 
more assembly of the Myo2p-Vac17p-Vac8p transport complex allows the movements of 
vacuoles to the bud tip (Spellman et al., 1998). Subsequently, Vac17p is degraded before 
cytokinesis and Myo2p is detached from the vacuole and moves back to the bud neck 
region. Finally, Phosphatidylinositol-3,5-biphosphate (PIP2) are signaling lipids known to 
be involved in mediating the initiating and terminating of vacuole inheritance by 
generating and disintegrating the ‘segregation structure’. However, the downstream 
proteins of PIP2 are not known (Weisman, 2006). Also, the anchoring system that 







1.4 Thesis objectives 
Similar to other eukaryotes, filamentous fungi possess all the major organelles except 
chloroplasts, which is found only in plant. Membrane bound organelles are the sites of 
specialized functions. However, the mechanisms by which organelles are generated and 
inherited are not well characterized. Thus N. crassa being a non-pathogenic, fast growing 
fungus with a fully sequence genome and powerful haploid genetics provides an ideal 
organism in which to study organelle biogenesis.  
 
Interestingly, only the Pezizomycotina possess dense core organelles called Woronin 
bodies. However unlike other organelles, WBs have a relatively simple composition 
suggesting that they are good systems in which to study organelle biogenesis and 
inheritance. In addition, the WBs of N. crassa are large enough to be viewed using light 
microscopy, greatly facilitating the search for mutants defective in WB biogenesis. 
 
Previously, it has been identified that WB biogenesis occurs at the hyphal tip and both 
HEX and WSC proteins are involved in the process. However, the detail mechanism and 
all of the proteins involved in WBs biogenesis and inheritance have not been identified. 
For instance, the tether that attach WB to the cell cortex and the mechanism that 
dissociate WB from the cell cortex when there is damaged to the hyphal integrity is 
unknown. My study will focus on characterizing one of the mutants that is identified 
during a screening of the gene deletion library to look for mutants that have defects in 
WBs biogenesis. I hope that through this study, I can expand our understanding of 




Chapter 2: Methods and materials 
2.1 Neurospora crassa and other fungi 
2.1.1 Fungal strains 
Genotype and origin of the fungal strains used in this study are listed from Table 1 to 3. 
Table 1 Fungal strains used in this study 
Strain Genotype Reference 
GSF# 27 mat A FGSC# 987 
GSF# 71 his-3-, Δmus 52::bar+, mat A FGSC# 9720 
GSF# 59 wsc-, mat A Liu (2008) 
GSF#206 mat A (mauriceville strain) FGSC# 2225 
GSF# 269 lah, pan-2-, mat a Ng (2009) 
GSF# 475 Δwsc, pan-2-, his-3-, mat A, (pBM60::wsc-eGFP) Liu (2008) 
GSF# 562 Δwsc, pan-2, his-3-, mat  A  (pBM60::wsc-3xHA) Liu (2008) 
GSF# 563 Δwsc, pan-2-, his-3-, mat A, (pBM60::wscR102Q-3xHA) Liu (2008) 
GSF# 568 Δwsc, pan-2 his-3-, mat A,  (pBM60::wscR102W-3xHA) Liu (2008) 
GSF# 599 lah, pan-2-, mat a (GJP#961::WSC-eGFP, 
POK103::PHEX-RFP-PTS1) 
Ng (2009) 
GSF# 728 Δwsc, his-3-, pan-2-, mat A (GJP#961::wscΔC-eGFP, 
POK103::PHEX-RFP-PTS1) 
Ng (2009) 
GSF# 1032 his-3-, mat A (GJP#961::WSC-eGFP, pMF272:: lah1-344-
RFP) 
Ng (2009) 
GSF# 1082 his-3-, mat A (pMF272:: lah1-344-HA) Ng (2009) 
GSF# 1085 Δwsc, his-3-, pan-2-, mat A (pMF272:: lah1-344-HA) Ng (2009) 
GSF# 1092 Δwsc, his-3-, pan-2-, mat A (GJP#961::wscΔC-eGFP,  
pMF272:: lah1-344-RFP) 
Ng (2009) 
GSF# 1249 lah::hyg 3602 stop, his-3-, Δmus52:: bar+, mat A Ng (2009) 
GSF# 1163 lah::hyg 14902 stop, his-3-, Δmus52:: bar+, mat A Ng (2009) 
GSF# 1552 lah::hyg 16981 stop, his-3-, Δmus52:: bar+, mat A Ng (2009) 
GSF# 1536 lah::hyg 17680 stop, his-3-, Δmus52:: bar+, mat A Ng (2009) 
GSF# 1089 lah::hyg 25786 stop, his-3-, Δmus52:: bar+, mat A Ng (2009) 
GSF# 1216 lah::hyg 31603 stop, his-3-, Δmus52:: bar+, mat A Ng (2009) 
GSF# 1083 1::hyg-eGFP, his-3-, Δmus52:: bar+, mat A  Ng (2009) 
GSF# 1123 2::hyg-eGFP, his-3-, Δmus52:: bar+, mat A  Ng (2009) 
GSF# 1220 3::hyg-eGFP, his-3-, Δmus52:: bar+, mat A  Ng (2009) 
GSF# 1210 4::hyg-eGFP, his-3-, Δmus52:: bar+, mat A  Ng (2009) 
GSF# 1829 5::hyg-eGFP, his-3-, Δmus52:: bar+, mat A  Ng (2009) 
GSF# 1161 1::hyg-HA, his-3-, Δmus52:: bar+, mat A  Ng (2009) 
GSF# 1308 2::hyg-HA, his-3-, Δmus52:: bar+, mat A  Ng (2009) 
GSF# 1318 1::pan-STOP, 2::hyg-eGFP, his-3-, pan-2-, Δmus52:: bar+, 
mat a 
Ng (2009) 
GSF# 1558, 1559 and 
1560 
plah-2-hygHA, his-3-, Δmus52:: bar+, mat A Ng (2009) 
GSF# 1564, 1565 and 
1566 
pccg-1-hygHA, his-3-, Δmus52:: bar+, mat A Ng (2009) 
GSF# 1140 lah-1/2 eGFP fusion, his-3-, Δmus52:: bar+, mat A  Ng (2009) 
GSF#1369 lah-1/2 eGFP fusion, Δwsc, his-3-, pan-2-, mat A  this study 
GSF# 1211 Δlah-1, Δlah-2, pan-2-, his-3-, Δmus52:: bar+, mat A Ng (2009) 




Strain Genotype Reference 
GSF# 1608 Δlah-2, his-3-, Δmus52:: bar+, mat A  Ng (2009) 
GSF# 1723 poc7::hyg-eGFP, his-3-, Δmus52:: bar+, mat A  this study 
GSF# 2119 poc7::hyg-HA, his-3-, Δmus52:: bar+, mat A this study
GSF# 2123 Δlah-2, poc7::hyg-eGFP, his-3-, Δmus52:: bar+, mat A this study 
GSF# 1806 2::hyg-eGFP, Δpoc7, his-3-, Δmus52:: bar+, mat A  this study 
GSF# 1808 Δpoc7, his-3-, Δmus52:: bar+, mat A this study 
GSF# 2230 Δlah-2, poc7::hyg-HA, his-3-, Δmus52:: bar+, mat A this study 
GSF# 2032 Δlah-2, Δpoc7, his-3-, Δmus52:: bar+, mat A this study 
GSF# 1915 Δlah-2, poc1::hyg-eGFP, his-3-, Δmus52:: bar+, mat A this study 
GSF# 1432 poc1::hyg-eGFP, his-3-, Δmus52:: bar+, mat A  this study 
GSF# 1098 Δhex1, Δwsc, his-3-, pan-2-, mat A (pMF272:: lah1-344-
GF, pBM60::wsc-3xHA) 
this study 
GSF# 1834 6::hyg-eGFP, his-3-, Δmus52:: bar+, mat A  this study 
GSF# 262 pan-2-, mat A (POK103::PHEX-RFP-PTS1) this study 
GSF#  14 pan-2-, mat A (POK103::PHEX-YFP) this study 
GSF# 26 his-3-, mat A (GSP#725::rad-3-GFP) this study 
GSF# 224 his-3-, mat A (GSP#727::bml-GFP) this study 
GSF#1701 his-3-, mat A (GSP#725::rad-3-GFP) this study 
GSF# 1706 his-3-, mat A (GSP#727::bml-GFP) this study 
GSF# 2167 Sordaria fimicola FGSC#2918 
B157 Magnaporthe grisea Soundararaja
n (2004) 
B157 (N-LAH) N-LAH-GFP in B157 background this study 




Table 2 Deletion strains that were screened in this study 
 
Strain Genotype Phenotype 
FGSC# 11322 ΔNCU00406.3, mat a Slow growing
FGSC# 11327 ΔNCU02234.3, mat a Slow growing 
FGSC# 11372 ΔNCU06205.3, mat a Slow growing 
FGSC# 11318 ΔNCU06419.3, mat a Slow growing 
FGSC# 11129 ΔNCU03593.3, mat a Slow growing 
FGSC# 11281 ΔNCU00157.3, mat a Slow growing 
FGSC# 11352 ΔNCU00600.3, mat a Slow growing 
FGSC# 11419 ΔNCU06648.3, mat a Slow growing 
FGSC# 11070 ΔNCU02896.3, mat a Slow growing 
FGSC# 11828 ΔNCU02211.3, mat a Slow growing 
FGSC# 11345 ΔNCU02671.3, mat a Slow growing 
FGSC# 11044 ΔNCU08726.3, mat a Slow growing 
FGSC# 11207 ΔNCU01225.3, mat a Slow growing 
FGSC# 11293 ΔNCU02794.3, mat a Slow growing 
FGSC# 11207 ΔNCU01225.3, mat a Slow growing 
FGSC# 11293 ΔNCU02794.3, mat a Slow growing 
FGSC# 11319 ΔNCU06419.3, mat a Slow growing 
FGSC# 11324 ΔNCU03894.3, mat a Slow growing 
FGSC# 11376 ΔNCU01782.3, mat a Slow growing 
FGSC# 11299 ΔNCU08741.3, mat a Slow growing 
FGSC# 11355 ΔNCU03043.3, mat a Slow growing 
FGSC# 11351 ΔNCU02957.3, mat a Slow growing 




Strain Genotype Phenotype 
FGSC# 11687 ΔNCU07817.3, mat a Slow growing 
FGSC# 11695 ΔNCU02815.3 (os-1), mat a Normal 
FGSC# 11436 ΔNCU07024.3 (os-2), mat a Normal
FGSC# 11479 ΔNCU03071.3 (os-4), mat a Normal 
FGSC# 11480 ΔNCU00587.3 (os-5 , mat a Normal 
FGSC# 11482 ΔNCU02393.3 (hog-1), mat a  Normal 
FGSC# 11466 ΔNCU06182.3 (ste-11), mat a Normal 
FGSC# 1120 ΔNCU00499.3 (ada-1), mat a Normal 
FGSC# 11108 ΔNCU02017.3 (ada-2), mat a Normal 
FGSC# 11134 ΔNCU04390.3 (ada-3), mat a Normal 
FGSC# 11058 ΔNCU03320.3 (ada-4), mat a Normal 
FGSC# 11053 ΔNCU03931.3 (ada-5), mat a Normal 
FGSC# 11022 ΔNCU04866.3 (ada-6), mat a Normal 
FGSC# 11062 ΔNCU09739.3 (ada-7), mat a Normal 
FGSC# 11073 ΔNCU04001.3, mat a Female sterile 
FGSC# 11183 ΔNCU00041.3, mat a Female sterile 
FGSC# 11110 ΔNCU00097.3, mat a Female sterile 
FGSC# 12363 ΔNCU00786.3, mat a Female sterile 
FGSC# 12370 ΔNCU06493.3, mat a Female sterile 
FGSC# 11199 ΔNCU00440.3, mat a Female sterile 
FGSC# 11890 ΔNCU04453.3, mat a Female sterile 
FGSC# 12377 ΔNCU06729.3, mat a Female sterile 
FGSC# 11316 ΔNCU04096.3, mat a Female sterile 
FGSC# 11322 ΔNCU00406.3, mat a Female sterile 
FGSC# 11610 ΔNCU05206.3, mat a Female sterile 
FGSC# 11478 ΔNCU00772.3, mat a Female sterile 
FGSC# 11466 ΔNCU06182.3, mat a Female sterile 
FGSC# 3007 ΔNCU04096.3(un-20), mat a Septation defect  
FGSC# 11199 ΔNCU00440.3. mat A Might have anastomosis 
defect 
FGSC# 11041 ΔNCU07392.3, mat a Normal 
FGSC# 11055 ΔNCU07139.3, mat a Normal 
FGSC# 11287 ΔNCU01181.3, mat a Normal 
FGSC# 11288 ΔNCU01197.3, mat a Normal 
FGSC# 11223 ΔNCU03013.3, mat a Normal 
FGSC# 11211 ΔNCU01642.3, mat a Normal 
FGSC# 11212 ΔNCU01833.3, mat a Normal 
FGSC# 11290 ΔNCU01613.3, mat a Normal 
FGSC# 11280 ΔNCU09494.3, mat a Normal 
FGSC# 11219 ΔNCU02387.3, mat a Normal 
FGSC# 11261 ΔNCU09423.3, mat a Normal 
FGSC# 11204 ΔNCU01033.3, mat a Normal 
FGSC# 11385 ΔNCU08634.3, mat a Normal 
FGSC# 11379 ΔNCU06744.3, mat a Normal 
FGSC# 11330 ΔNCU01751.3, mat a Normal 
FGSC# 11363 ΔNCU01532.3, mat a Normal 
FGSC# 11368 ΔNCU01647.3, mat a Normal 
FGSC# 11387 ΔNCU08744.3, mat a Normal 








Table 3   Tester strains used in this study 
 
Strain Genotype Reference 
FGSC# 4041 rip-1, mat A this study 
FGSC# 639 un-20, mat A this study 
FGSC# 997 al-1 cot-1 ylo-1, mat A this study 
FGSC# 6680 trp-1 ylo-1 csp-2, mat A this study 
FGSC# 52 ro-2, mat A this study 
FGSC# 11353 Δncu02994.3, mat A this study 
FGSC# 11222 Δncu03013.3, mat A this study 
FGSC# 11203 Δncu01033.3, mat A this study 
FGSC# 11379 Δncu06744.3, mat A this study 
FGSC# 11335 Δncu06756.3, mat A this study 
GSF# 300 hex-1D pan 2-, mat A this study 
GSF# 455 pan 2- his 3-, mat A this study 





2.1.2 Growth media  
For N. crassa, Vogel’s N synthetic (VN) medium (Davis  and Serres, 1970) was used for 
growth in solid and liquid medium and for the induction of colonial growth. Fries’ 
crossing (SC) medium (Davis  and Serres, 1970) was used for crossing different mating 
type strains in order to obtain pure strains, strains with selective markers and for genetic 
mapping. Plating (VB/VT) medium (Davis  and Serres, 1970) was used to grow 
transformed conidia and spheroplasts. 
 
Aspergillus niger (A. niger) was grown on VN medium while M. grisea and Sordaria 
fimicola (S. fimicola) were grown on prune-agar (PA) medium (Araujo-Palomares et al., 






2.2 Genetic and molecular methods 
2.2.1.1 Measurement of growth rate 
For growth measurement shown in Figures 7 and 15, N. crassa strains were grown on 
solid Vogel’s medium at room temperature overnight with appropriate supplements in cut 
25 ml pipettes. Maximal growth rate was assessed for 44 hrs after an initial period of 16 
hrs in darkness. Data shown were the mean and standard deviation from three replicates. 
For measurement of maximal growth rate between different fungi in Figure 19, strains 
were first grown in continuous darkness on their respective solid medium in cut 25 ml 
pipettes at room temperature for 48 hrs. The maximum growth rate for each strain was 




2.2.1.2 Measurement of hyphae diameter 
Different fungi strains were grown in continuous darkness at room temperature overnight 
on their respective medium plate. Diameters of thirty main hyphae were calculated using 










2.2.2 Identification of the leashin (lah) gene 
2.2.2.1 Identification of lah by screening the Neurospora crassa gene deletion library 
I have obtained a library of gene deletion strains from the fungal genetic stock center 
(Colot et al., 2006). Screening was done on the gene deletion strains to identify mutants 
with defects in WBs localization. The strains were grown on VN plates and observed 
under the microscope in the apical and sub-compartment regions of hyphae for any 
defects in WB biogenesis. Strains that were suspected to have WB segregation defects 
were grown on plating medium to determine if they exhibited a “bleeding” phenotype.  
The “bleeding” phenotype means extensive loss of cytoplasm at the hyphal tip and is an 
indication of defect in WBs biogenesis. 
  
 
2.2.2.2 Identification of lah by crude genetic mapping 
Linkage tester strains with either phenotypic or selective nutritional differences were 
used to identify the gene loci of the lah mutant. The tester strains were crossed with the 
mutant and the frequency of genetic linkage between the tester strain and the lah mutant 
was taken and mapped to identify the region in which the lah locus resides. 
 
 
2.2.2.3 Identification of lah by rapid genetic mapping 
For rapidly verifying and narrowing down the region in which the mutant gene is, fine 
mapping with CAPs markers (Jin et al., 2007) were used. First, the Oak ridge mutant lah 




into two groups. The first group consisted of progeny with wild type phenotype while the 
second group exhibited lah mutant phenotype. In each group, conidia from 40 progenies 
were mixed together, frozen, ground with mortar and pestle and their gDNA extracted. 
The gDNA from each group as well as a 1:1 mixture of the two groups were used to 
amplify genomic fragments using the CAPS markers 1-30, 1-226 and 2-60. The PCR 
amplified fragments were then digested with their respective restriction enzymes and a 




2.2.2.4 Identification of lah by cosmid library 
To identify the lah mutant gene, cosmid clones in contiq 7 and its surrounding regions at 
the left arm of chromosome 1 were transformed into the lah mutant and grown on 
hygromycin (hyg) selective medium. The cosmid library was obtained from the Fungal 
Genetic Stock Center (Kelkar et al., 2001). Transformed strains were grown on plates 
containing hyg and observed under the microscope to identify cosmid clones that were 










Table 4. Cosmids used to identify leashin 
Contig  Cosmid Contig  Cosmid 
Contig 7  Contig 70  
1  Cosmid (pLORIST) H122 C12 1  Cosmid (pLORIST) H060 G8 
2  Cosmid (pLORIST) H073 A12 2  Cosmid (pLORIST) H064 B6 
3  Cosmid (pLORIST) H097 H2 3  Cosmid (pLORIST) H084 C2 
4  Cosmid (pLORIST) H120 G9 4  Cosmid (pLORIST) H004 H12 
5  Cosmid (pLORIST) H114 G7   
6  Cosmid (pLORIST) H016 G11 Contig 58  
7  Cosmid (pLORIST) H030 H7 1  Cosmid (pLORIST) H087 G12 
8  Cosmid (pLORIST) H088 F11 2  Cosmid (pLORIST) H041 C4 
9  Cosmid (pLORIST) H091 D4 3  Cosmid (pLORIST) H023 F5 
10  Cosmid (pLORIST) H122 B8 4  Cosmid (pLORIST) H068 E5 
11  Cosmid (pLORIST) H090 F1 5  Cosmid (pLORIST) H61 A8 
12  Cosmid (pLORIST) H013 F7 6  Cosmid (pLORIST) H101 H7 
12  Cosmid (pLORIST) H116 F3 7  Cosmid (pLORIST) H054 A5 
14  Cosmid (pLORIST) H068 C9   
15  Cosmid (pMOcosX) G20 E7   
16  Cosmid (pLORIST) H093 A1   
17  Cosmid (pLORIST) H016 C10   
18 Cosmid (pLORIST)H015 D11   
19 Cosmid (pLORIST)H033 D3   
20 Cosmid (pLORIST)H109 G5   
21 Cosmid (pLORIST)H043 E10   
22 Cosmid (pLORIST)H002 C9   
23 Cosmid (pLORIST)H094 A9   
24 Cosmid (pLORIST)H098 H11   
25 Cosmid (pLORIST)H004 D5   
26 Cosmid (pLORIST)H008 E12   
 
 
2.2.3 Mating of Neurospora crassa strains 
For mating of N. crassa, one of the parental strains (female) was inoculated directly onto 
the surface of the SC medium plate with essential supplements directly from the glycerol 
stock and incubated in the dark. The opposite mating strain (male) was grown in VN 
solid medium with requisite supplements. After 3-5 days, protoperithecia can be observed 




from the VN solid medium and placed onto the surface of the SC medium plate 
containing the female strain. The plate was then incubated in the dark for two weeks at 




2.2.4 Generation of spheroplasts and Neurospora crassa transformations 
N. crassa conidia were transformed either by electroporation (Turner et al., 1997) or 
when cosmids were transformed, by chemical transformation of spheroplasts (Vollmer 
and Yanofsky, 1986). 
 
A week prior to conidial transformation, N. crassa was grown on a slant at room 
temperature until orange conidia were seen. 5 ml of ice-cold sterile water was added and 
the tube was vortexed.  The suspension was filtered through a 40 µm cell strainer (BD 
Falcon) and washed 3 times with chilled 1M sorbitol. After each wash, the spores were 
collected by centrifugation at 3000 rpm for 5 mins at 4oC. The competent spores were 
stored at 4oC overnight and transformed by electroporation. 
 
For the generation of spheroplasts, conidia were treated as described above and were 
counted by using a hemocytometer. Approximately 2 X 109 conidia were obtained per 
preparation. Conidia were treated with 10 mg of Novozyme solution for 65 mins at 30oC 
to digest the cell wall. The spheroplasts obtained were then washed with STC solution 




ml of STC solution with 0.1 ml of PTC solution (0.12M PEG “4000”, 1M Tris HCl, pH 8 
and 1M CaCl2) and 5 µl of sterile DMSO. The spheroplasts were frozen at -80oC for 
future transformations. 107 conidia were required per transformation.  
 
 
2.2.5 Magnaporthe grisea transformations 
2.2.5.1 Transformations of plasmids into Agrobacteria 
Fresh Agrobacterium strain (AG1) was treated to become electro-competent and store at -
80oC (Sambrook et al., 1989). The thawed electro-competent AG1 strain was mixed with 
5μl of plasmid pFGL577::Mg1-GFP (GJP# 2411) for 1 min before transferring to a pre-
chilled Electroporation cuvette. 5 ms of electric pulse at a field strength of 12.5 kV/cm  
was applied and the cells were immediately mixed with 1 ml of SOC medium (2% 
Tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgSO4, 10 mM MgCl2 
and 20 mM glucose). The diluted cells were then incubated at 28oC for 1 hr before 
plating on LB with kanamycin and grown for 3 days at 28oC. 
 
 
2.2.5.2 Magnaporthe grisea transformations 
Agrobacterium AG1 with plasmid GJP# 2411 was grown overnight in MM liquid (0.01% 
each of FeSO4, ZnSO4, CuSO4, MnSO4, H3BO3 and Na2MbO4) containing 100 μg/ml of 
kanamycin at 28oC. The overnight culture was then diluted with Agrobacterium induction 
medium [0.01% each of FeSO4, ZnSO4, CuSO4, MnSO4, H3BO3, Na2MbO4, nicotinic 




0.03% biotin, 20.5% K2HPO4 and 14.5% KH2PO4] containing 100 μg/ml of kanamycin 
with 200 μM acetosyringone and grown for 6 hrs at 28oC. During the 6 hrs incubation 
period, M. grisea conidiospores were harvested after growing in prune agar for 1 week 
and re-suspended at 106 per ml of conidiospores in water. After 6 hrs of growth, 100 μl 
each of the conidiospores and Agrobacteria AG1 with plasmid GJP# 2411 were mixed 
and placed on a sterile 0.45 μm nitrocellulose filter in Agrobacterium induction medium 
plates with 200 μM acetosyringone, 60 μg/ml of streptomycin and 100 μg/ml of ampilicin. 
After 48 hrs incubation at 28oC, the cells were scraped into 2 ml of sterile PBS with 200 
μM Cefotaxime, 60 μg/ml of streptomycin and 100 μg/ml of ampilicin. The cells were 




 2.2.6 Generation of DNA fragments for homologous recombination 
2.2.6.1 Marker fusion tagging (MFT) 
Fusion PCR was used to produce integration fragments for the truncation of 
chromosomally encoded lah, and the integration of marker fusion tags (MFTs). Two 
MFT cassettes consisting of in-frame fusions of Hyg
 
to eGFP (GJP #1851) and 3X HA 
epitope tag (GJP #1873) were produced using the primers indicated in Table 5. For the 
production of fragments for integration by homologous recombination, three fragments 
were initially isolated using 6 primers. Primers 1 and 2 were used to amplify genomic 
DNA correspond to the left homologous flank while primers 3 and 4 amplified the 




regions were routinely designed between ~ 500 to 700bp in length. These three fragments 
were mixed and a fusion product was amplified using primers 1 and 6. These integration 
fragments were directly transformed into conidia using electroporation and plated on 
plating media containing 100 µg/ml hygromycin. Primers binding to DNA outside 
regions of homology (primers 7 and 8) and primers within the selectable marker (primers 
SK16 and SK17) were used to confirm that the fusion products were integrated at the 
correct position (Figure 8). Because N. crassa conidia are multinucleated, primary 
transformants can be heterokaryons. Pure transformed strains were obtained through 
either sexual crosses or conidiation and identified using primers 9 and 10, which were 
designed to identify wild type chromosomal loci. All of these primers can be found in 
Table 6 to 9.  
Table 5 Primers used to construct Hyg-HA and Hyg-GFP cassetes for MFT 







Hyg-GFP   
hyg-gfp 1     TATTCTACCGAAGCATCGA  
hyg-gfp 2    TCCTCGCCCTTGCTCACCATTTCCTTTGCCCTCGGACGAGT    
hyg-gfp 3     ACTCGTCCGAGGGCAAAGGAAATGGTGAGCAAGGGCGAGGA  













Table 6. Fusion PCR primers for integration of stop codons,  MFT using Hyg-GFP 
and Hyg-HA in lah and introduction of A. nidulans pan-2 ortholog, AN1778.3 
 
Hyg-Stop Sequence (5' to 3') Hyg-
GFP 
Sequence (5' to 3') 
3604 stop  1-GFP 


































3604--6 TGCGCAGAATGGACTCCCACT 1--6 TGCGCAGAATGGACTCCCACT 
3604--7 CAACGAGCGCGACGTTCCGA 1--7 CAACGAGCGCGACGTTCCGA 
3604--8 CTGTTGTCCGGGTTGAATGTC 1--8 CTGTTGTCCGGGTTGAATGTC 
3604--9 GTTCGCGAATCCGAGCCACT 1--9 GTTCGCGAATCCGAGCCACT 
3604--10 GGGTAGCACTAGATTCAGCA 1--10 GGGTAGCACTAGATTCAGCA 
    
14902 stop  2-GFP 


































14902--6 CGATCCAGTTCCCGGTCTCG 2--6 
gfp 
GTCGGCAAGGATGCTGGCCAGGT 
14902--7 CGTTGGCGATTCACCGACATC 2--7 CGTGATGATGGTAAGCAGTCCT 
14902--8 GGTCTCACCGGGAACTGCGAC 2--8 GTCTCCTCGAGTCGGTTGCAGGT 
14902--9 GCGACAAGGCCAAAGACAAGC 2--9 CGGATGACGACAGGAACAGGCA
14902--10 CTCGTCCTCGACAAGCCGCTC 2--10 GTGTACCAAGGAATGCCGACTT 
    
16981 stop  3-GFP 


































16981--6 CGACTCCCTATACTCATCGCC 3--6 CTGCAGGAGAGTCAGGCAAGG 
16981--7 CGCAAGATGAGCATGGGCTCG 3--7 GGAAGCTGTTAAGGATATCAC 




Hyg-Stop Sequence (5' to 3') Hyg-
GFP 
Sequence (5' to 3') 
16981--9 GTATCAGGCAACGGCCACCAG 3--9 GGATGAAGAGGAGCAAGTTCC 
16981--10 GTTGGCACTGGTCGTTGTCTC 3--10 CGTCCAGGTCGCCAAGCGTGC 
    





































17680--6 CTGGACATCTTCAGGATTGAC 4--6 
new 
GGAGTGTCGTGATATTCCTCG 
17680--7 CAGGCCCAGGAAGAGTATAAG 4--7 CTTGATTCTATTGACGGTGC 
17680--8 GCGTGTCTGGGAGATCGCTGG 4--8 CAATATAACGTTGTAGGTTGG 
17680--9 CGAGCAGTCGGAGACACAGCG 4--9 CATCAGTTAGAAACTCGTGGC 
17680--10 CACCCCCTTCGTGCCCTTCAG 4--10 CGGTCTGGATTTGGATCGGAC 
    
25786 stop  5-GFP 







































25786--6  GGAGTATCTCGAGATGTCTCG 5--6 ATGTCCGGCCGTTGTTGTGAG 
25786--7 CTTGATTCTATTGACGGTGC 5--7 GCTGCCGGCGATGCGTCTGG 
25786--8 CAATATAACGTTGTAGGTTGG 5--10c GATTCATTTTTGATGACGTTG 
25786--9 CATCAGTTAGAAACTCGTGGC   
25786--10 CGGTCTGGATTTGGATCGGAC 1-2 GFP 
  1--1 GAGCCCAAGCCCAAGGTCGA 






























4stop GTTCGGTCGGCATCTACTC gfp 
Hyg-Stop Sequence (5' to 3') Hyg-
GFP 






31603--6 TAGACTAGCTAACAAGTTAGG 1--8 GTCTCCTCGAGTCGGTTGCAGGT 
31603--7 GAACTACTGAGACTCCCAAG 1--9 GTTCGCGAATCCGAGCCACT 
31603--8 CCGTAAGAGGGTAGGGACTTG 2--10 GGGTAGCACTAGATTCAGCA 
31603--9 GCAGAGAAGGATGCCCAGATC   
31603--10 GCTTGGACGACTGCTTCCGTG Hyg-HA 
  1-HA  
Aspergillus Nidulans pan 1--1 GAGCCCAAGCCCAAGGTCGA 
























1--5 an pan GAATTACCTGAAGAGAAATGA
GTGCTTCAGAAGGTCGCTGAG 
1--6 TGCGCAGAATGGACTCCCACT 
1--6 TGCGCAGAATGGACTCCCACT 1--7 CAACGAGCGCGACGTTCCGA 
1--7 CAACGAGCGCGACGTTCCGA 1--8 CTGTTGTCCGGGTTGAATGTC 
1--10 CTGTTGTCCGGGTTGAATGTC 1--9 GTTCGCGAATCCGAGCCACT 
1--8 an pan GGATTGGCTTGGGCTGCTCCC 1--10 GGGTAGCACTAGATTCAGCA 
1--9 an pan GGTTAAGAGCCGAGCGTATCC   
  4-HA  
Test for integreation site 4--
1new 
GCTGCTGCGATCGAGCGATCG 








  4--4ha GATAGTCTCTCCCAACGAATCGGAA
GCCATACCGGTATGAGC 
  4--5ha GCTCATACCGGTATGGCTTCCGATTC
GTTGGGAGAGACTATC 
  4--6 
new 
GGAGTGTCGTGATATTCCTCG 
  4--7 CTTGATTCTATTGACGGTGC 
  4--8 CAATATAACGTTGTAGGTTGG 
  4--9 CATCAGTTAGAAACTCGTGGC 








Table 7. Primers used to design MFT poc-7Δ, poc-7-GFP, poc-7-HA and MFT in M. 
grisea lah 
 




































poc7Δ-8 GAATGGCAAAGTGACTGGAC  poc7-gfp-
8 
GAATGGCAAAGTGACTGGAC  
poc7Δ-9 TGATCAGACAACGCAGGACT    
poc7Δ-10 ATCTGTTCGTTCAGGAGGAC    
    









































SK17 GAGCTGCATCAGGTCGGAGAC   
    
hyg-f CTGGACCGATGGCTGTGTAGA   






Table 8. Primers used to construct lah1-GFP/RFP/HA and wsc-CΔ 












wsc-CΔ Sequence (5' to 3') 
3'-Mut-XbaI-1         CGTCGCCGAAGTGCTTTCTAGACAAAGCGGCGAGGCGCTTC 
3'-Mut-XbaI-2         GAAGCGCCTCGCCGCTTTGTCTAGAAAGCACTTCGGCGACG 
 
Table 9. Primers used to construct Δlah1, Δlah2D and Δlah-1, Δlah-2 
Δlah1 Sequence (5' to 3') 
 5’ UTR (sal1)f CGGTCGACGCCTTCCTTGGGTTCG 
2kb in orf (Ecor1)r GGCGAATTCCTCGGCCAGAACATGGTTGG 
STM not1-f 5'UTR CATACATAGTGTTTAGTATCGCGGCCGCTTACCATACCATCCTAGCCG 
STM not1-r 5'UTR CGGCTAGGATGGTATGGTAAGCGGCCGCGATACTAAACACTATGTATG 
STM pac1-f ORF GACTCTGACCTTGCCTATGGTTAATTAACTCAATACTCGGACGAGAAG 
STM pac1-r ORF CTTCTCGTCCGAGTATTGAGTTAATTAACCATAGGCAAGGTCAGAGTC 
  





31603--5 stop GAGTAGATGCCGACCGAACTTGTCTGATGGATGGTGGATTG 
31603--6 TAGACTAGCTAACAAGTTAGG 
  













2.2.6.2 Truncation of lah gene 
For lah truncations (Figure 7), a stop codon was introduced into primers 2 and 3 and hyg 
was expressed under the control of a strong trpC promoter. For the experiment shown in 
Figure 9C, I developed the Aspergillus nidulans (A. Nidulans) pan-2 homolog, AN1778.3, 
as a heterologous marker for the selection of transformants generated in the N. crassa 
pan-2 mutant background. AN1778.3 with its native promoter was amplified from A. 
nidulans genomic DNA and flanking sequences from lah were appended by fusion PCR 
and transformed as described above and selected for pantothenate prototrophy.  
 
 
2.2.6.3 Identification of lah-2 activation sequences 
I used fusion PCR to generate ~ 1.5 Kb overlapping fragments of lah fused to the Hyg
r 
cassette. These fragments were transformed into HYG sensitive wild type conidia and 
assessed for their ability to produce stable HYG resistant colonies. The strong clock-
controlled genes-1 (ccg-1)  promoter was used as a control and primers used to generate 
















Table 10 Primers used to identify lah2 promoter sequences 




























3' common primer CAAATATATAGTCGCGTGGAG 
  




site2 hyg-ha -4 TGACATGGAGCTATTAAATCACTAAGCGTAATCTGGAACGTC 
site2 hyg-ha -5 GACGTTCCAGATTACGCTTAGTGATTTAATAGCTCCATGTCA 
3' common primer CAAATATATAGTCGCGTGGAG 
  




ccg1hyg-ha -4 TGACATGGAGCTATTAAATCACTAAGCGTAATCTGGAACGTC 
ccg1 hyg-ha -5 GACGTTCCAGATTACGCTTAGTGATTTAATAGCTCCATGTCA 






2.2.7 Reverse transcriptase-PCR (RT-PCR)  
Total RNA was isolated from wild type and the Δlah1, Δlah2 N. crassa strains using the 
RNeasy
® 
Plant Mini Kit (Qiagen). Random primers were used to generate the cDNA 
library from total RNA using SuperScript
TM 
lll First-strand synthesis system (Invitrogen) 
according to the manufacturer’s instructions. Primers were designed to amplify 
overlapping fragments (ranges from ~400 to 1500bp) of the entire predicted lah gene 
(Table 11). Wild type genomic DNA served as a positive control and size differences 
between cDNA and gDNA indicated the presence of an intron. These fragments were 
cloned and sequenced to identify spliced sequences. RT-PCR using mRNA derived from 
a Δlah strain provided a control for primer specificity.  
Table 11. Primers used to map leashin by RT-PCR. 




1r TCGTGCTGAGGTTGCTCGTAC 1 - 521 521 
2 2f CGCCAACTCCAGCACTTCGT 2r GGTAGGGCTGCGCAGGGTGT 165-700 535 
3 3f GAGGCGCCAGGAGAAGGAGCG 3r CCGAGTCTGAAGCCGTATCCC 383 -1015 632 
4 4f CCAACTTCCGTCGCCAGAATC 4r GGCGAATTCCTCGGCCAGAACATGGTTGG 896 - 
2001 
1105 
5 5f CGACCCATGACCTCGAGTTCG 5r CACGGTAATCGGCTTCGTCACG 1802 - 
2632 
809 
6 6f GGCGCGCTTAGCACGTCTCTC 6r GCACCTCGAGAAAGTCCGTCG 2499 - 
3021 
522 





8 8f GAGCCCAAGCCCAAGGTCGA 8r GGGTAGCACTAGATTCAGCA 2896 - 
4140 
1244 
9 9f GTTCGCGAATCCGAGCCACT 9r GGGTAGCACTAGATTCAGCA 3631 - 
4140 
509 
10 10f GTTTAGTTCGAGAGATCCATC 10r GCTGCACCTCGGTCTTTGTTG 4080 - 
4723 
643 
11 11f CAAAGCCGGCTGACGTTGCTG 11r CTGTTGTCCGGGTTGAATGTC 4679 - 
5306 
627 
12 12f CTGCGCAAAGCGGAAATTGG 12r GTCCGAACCGGCGTTGCTGCC 5236 - 
5775 
539 
13 13f GGTTCGGACAGTGCCCCCGAG 13r TCAAGACTCTCCATTTGGGG 5767 - 
6578 
811 
14 14f CCCCAAATGGAGAGTCTTGA 14r GAGAGAGCGTCGTCCTCACC 6559 - 
7127 
568 
15 15f GTGGCCTTTCTTCGCCTACTC 15r TTCCGGAACTGAAACCTCAC 7058 - 
7539 
481 
16 16f GGTCGTTGAGCGTGAGGTTTC 16r GCTCAGGCACCTCCAACCCAC 7509 - 
8023 
514 
17 17f CAATACTTCTCCGGAGAGAAG 17r GGCTTAGGCATAGACACCAG 7755 - 
8234 
479 





No. F Sequence (5' to 3') R Sequence (5' to 3') Region  Size 
(bp) 
19 19f CTACCTCTTCCGGACAACGAG 19r GGCTCGGGGATAGTGATTGAC 8755 - 
9275 
520 
20 20f CTCCTGTCCAAGAAGAGTTCG 20r CTTGTGGCACCTCCTGGTAT 9155 - 
9808 
653 
21 21f GCTGTTTCTTTGCCAGTCGAG 21r GTCCTCTTCAGCAACAGGGAC 9766 - 
10413 
647 
22 22f CCATCGCCAAGGAAGCTGTTAAG 22r GAGAGCGGCGTGCCGCTTCTGC 10358 - 
10697 
339 
23 23f CGTCAAGGGTGACGAGGTGTC 23r AGTAGCCTCGGAATCGCCCGC 10620 - 
11286 
666 
24 24f GCAGAAGCGGCACGCCGCTCTC 24r CTGTGGAACTTGCTCCTCTTC 10676 - 
11439 
763 
25 25f GGATGAAGAGGAGCAAGTTCC 25r CGTCCAGGTCGCCAAGCGTGC 11415 - 
11952 
537 
26 26f CAATGAGAGTAGCCAGCCCTG 26r CTCCGGTCCGGTCTGCGACTC 11899 - 
12296 
397 
27 27f CTGATGAGTCGCAGACCGGAC 27r GTATTTCTTCGGGGAGGGTGG 12271 - 
12851 
580 
28 28f GGATCCACGGCCAATGAAAAC 28r CGATACTGTAGCTAGTTGCTC 12809 - 
13321 
491 
29 29f GACGCAGCAAGGTGAATCCCAG 29r CCTCTGCATTGGAACCAGTC 13237 - 
13727 
490 





31 31f GGTCAAACAACTTTGTGAGC 31r GTTGCTGATCCACCGTATGTG 14117- 
14475 
358 
32 32f CTCCCCTTCCGTTGATACTGAG 32r CTCGTCCGCTGCTCCCGTCTC 14874 - 
15345 
471 
33 33f CAGTGACGGCAATTCCATCC 33r CGTCCTTGCTGAAGCTGTTCCTC 15261 - 
15758 
497 
34 34f CATGGGCGTGCCTTACCGACG 34r GCTTGTCCAAACTCTTCATGC 15366 - 
16010 
644 
35 35f GGCATGAAGAGTTTGGACAAG 35r GATTCGCGGCGCTCCGCCATG 15989 - 
16626 
637 










38 38f GCGATTCCCTACTGGGATCTC 38r GCTCACCGTGACCTCCTCAAC 17760 - 
18282 
522 










41 41f GCAGTCAATCCTGAAGATGTC 41r CGACCCATGACCTCGAGTTCG 18574 - 
19092 
518 
42 42f CACACATCCCACTTTTCACG 42r GTGATGAGGGAGATGGAGGA 18941 - 
19372 
431 
43 43f TACATGCCTTCCATCCGTGCT 43r AAGTAAGTCGGAAGATTCTTT 19306 - 
19629 
320 
44 44f GCTTCCTTCTTTTCTTCCTGT 44r AAGTAAGTCGGAAGATTCTTT 19339 - 
19629 
290 
45 45f CTTCCTCCATCTCCCTCATC 45r GCCATTAGAACAGCAGGGGAC 19351 - 
19874 
523 
46 46f CTCATGCGCAACCGTCATCATC 46r GTGGTGATTGGAAGGTCCTTG 19826 - 
20384 
558 
47 47f GCTGAACTCTCATCTGCACAC 47r GCGGTAGTCGCTCATCGTCAG 20266 - 
20575 
309 
48 48f CTCTGACGATGAGCGACTACC 48r CATCTTCAGGCAATTGAGCAG 20553 - 
21196 
643 
49 49f CTGCTGCTCAATTGCCTGAAG 49r GTCAAAGGTGAGGAAGGAAGTTC 21173 - 
21827 
654 
50 50f GATTCGACCTGGGGTGAGGCTG 50r GCCGAAGGTGAGGCAGGAGCC 21772 - 
22304 
532 






No. F Sequence (5' to 3') R Sequence (5' to 3') Region  Size 
(bp) 
52 52f CTTCGCCATTGGAACAGTTCACG 52r GAGGCCAGAAGTTCAGCGTTAG 22748 - 
23492 
744 
53 53f CCTAACGCTGAACTTCTGGC 53r CTTCGGGTGCAATTACAGGT 23470 - 
23950 
480 
54 54f CAGGAGAATGTCAATCTTGAG 54r CTGCGCAGATTGCTCAGGCTCG 23899 - 
24396 
497 
55 55f CAGTCGAGCCTGAGCAATCTG 55r GCTTACTTGTTGGGGCCTCGG 24371 - 
24979 
608 
56 56f GATCTTTCCGACGTTCAAGAG 56r CGAAGGTCCACATTGTCTTC 24601 - 
25154 
553 










59r GGAGTATCTCGAGATGTCTCG 26240 - 
27074 
834 
60 60f GAGCTCCCTTCCTCGCCTGAAC 60r GAGGTTCCTCGGGGATTTTAGG 27028 - 
27712 
684 
61 61f CCTAAAATCCCCGAGGAACCTC 61r GCGTCGTCATATCTTGCTCA 27691 - 
28360 
669 
62 62f GAGGCGGATGAGCAAGATATG 62r CTTTGTGGCATCTGCCTCGGAG 28333 - 
28884 
551 
63 63f CTAGCTCCGAGGCAGATGCCAC 63r CTGGGGCGTCACGAGACAATCC 28859 - 
29467 
608 
64 64f TCCGAGGCAGATGCCACAAAG 64r CCATTCGTCGTCGTCTGCTGG 28864 - 
29484 
620 
65 65f GGATTGTCTCGTGACGCCCCA 65r CCACGGCATCGGCGCTCCTTC 29446 - 
30057 
611 
66 66f GAAGGAGCGCCGATGCCGTG 66r CTCAGGCACTGGTTCCTGCACC 30037 - 
30705 
668 
67 67f GAACTACTGAGACTCCCAAG 67r GGCGACGGGCGTGGCAGATGT 30665 - 
31602 
937 
68 68f ACATCTGCCACGCCCGTCGCC 68r GATCTGGGCATCCTTCTCTGC 31582 - 
32170 
588 
69 69f GCAGAGAAGGATGCCCAGATC 69r GCTTGGACGACTGCTTCCGTG 32150 - 
32733 
583 
70 70f GATCGCGACACGGAAGCAGTC 70r TCAAACCTGACTCCCCATCCC 32705 - 
33235 
530 
71 71f GATCGCGACACGGAAGCAGTC 71r AATCCACCATCCATCAGACAA 32705 - 
+21bp 
551 
72 72f GATCGCGACACGGAAGCAGTC 72r GCTTCCTTCTTTTCTTCCTGT 32705 - 
+113bp 
643 





2.2.8 Amplify the tandem repeats fragments in lah 
Genomic DNA from Oak Ridge and Mauriceville strains of N. crassa were extracted and 
gDNA were run on an agarose gel to ensure that equal amount of DNA was used to 
amplify genomic fragments. Overlapping primers of repeat 1, 2 and 3 were used to 
amplify both N. crassa strains. For control, overlapping regions found in the highly 




2.2.9 Anastomosis assay 
N. crassa strains were grown in VN medium for one week before the conidia were 
harvested. Equal amounts of conidia expressing either YFP or PTS1-RFP were mixed 
and plated onto VN plate for both wild type and the mutant lah strain. The germinating 
conidia were observed for anastomosis using confocal microscopy after 6 hrs and 
overnight of incubation at 30oC. 
 
 
2.2.10  Measurement of protoplasmic bleeding 
For the determination of protoplasmic bleeding in Figure 18E, strains were grown 
embedded in top agar containing sorbose, which induced tip lysis and colonial growth 
(Davis  and Serres, 1970). Phyloxin dye [0.75µg/µl] was added to enhance the 
visualization of bled protoplasm. On the third day, images were obtained at the periphery 
of colonies using a stereomicroscope and the volume of the largest 15 bleeds from each 
colony was calculated using MetaVue software. A total of 225 individual hyphae bleeds 
were examined for each strain.  
 
 
2.3 Escherichia coli and Agrobacterium 
2.3.1  Bacteria and Agrobacterium strains  
E.coli XL1-Blue strains were used for plasmid maintenance, amplification and rescue. 





2.3.2  Plasmids 
Plasmids for the expression of RFP-PTS1 (GJP#1406) and different constructs of WSC 
were previously described (Liu et al., 2008). To delete the C-terminal tail of WSC, two 
unique XbaI site encompassing the deleted region were created using site directed 
mutagenesis (Stratagene). The mutated plasmid was digested with XbaI and re-ligated 
resulting in the deletion of amino acids 236 to 307. To generate pmf272::
lah1-344
GFP 
(GJP#1554), the first 1032 nucleotides of lah were amplified by PCR to appended Xba1 
and Pac1 at the 5’ and 3’ ends, respectively. This product was inserted into the plasmid 
pmf272 (Freitag et al., 2004), to generate pmf272::
lah1-344
GFP (GJP#.1554). RFP 
(GJP#1898) and 3X HA (GJP#1848) epitope tagged versions of this plasmid were made 
by replacing GFP using fragments engineered to contain PacI and EcoRI.  
 
To generate the construct pFGL577::Mg1-GFP, the MFT construct was first inserted into 
the Topo vector and amplified to generate Topo::Mg1-GFP (GJP#2371). The plasmid 
was then digested at Xho1 and Kpn1 sites and the MFT construct inserted into pFGL577 
vector to create pFGL577::Mg1-GFP (GJP# 2411). 
 









Table 12. List of plasmids used in this study. 
Plasmid Identity/ Source  
pCSN43 Staben et al., 1989  
pMF272 Freitag et al., 2004  
GJP#799 pSK(+)::hygr  
GJP#961 pBS + SK::hygr  
GJP#1081 GJP#961::wsc-egfp   
GJP#1245 pBM60::wsc-egfp  
GJP#1297 pBM60::wsc-egfp,CΔ  
GJP#1364 GJP#799::ha-pex33 + 
hygro 
 
GJP#1406 POKE 103::phex-rfp-pts1  
GJP#1554 pMF272::1-1500 lah-gfp  
GJP#1812 pMF272::1-344 lah-gfp  
GJP#1848 pMF272::lah1-344 HA   
GJP#1851 TOPO::hygr-GFP  
GJP#1873 TOPO::hygr-HA   
GJP#1898 pMF272::lah1-344 RFP   
GJP#1361 pBM60::wscR102W-3xHA  
GJP#1372 pBM60::wscR102Q-3xHA  
  
Freitag, M., P.C. Hickey, N.B. Raju, E.U. Selker, N.D. Read. 2004. Fungal Genetics and Biology. 
41:897-910. 
Staben, C., B. Jensen,M. Singer, J. Pollock, M. Schechtman, J. Kinsey, and E.Selker. 1989. 
Fungal Genetics Newsletter. 36:79-81 
 
 
2.3.3  Bacteria transformation, growth, maintenance and selection of Escherichia 
coli   
Calcium mediated chemical transformation method were used to transform E.coli strains 
with plasmid DNA (Swords, 2003). 
 
E.coli strains were grown at 37oC in Luria-Bertani (LB) medium. Transformants were 





2.4 Protein molecular biology and microscopy 
2.4.1  Confocal fluroscence microscopy 
Confocal microscopy was used for all imaging at room temperature. Briefly, various 
fungi were grown on their respective solid medium and imaged using an upright Zeiss 
LSM 510 confocal microscope fitted with a 100x/1.4 NA oil immersion objective lens 
(plan-apochromat).  The pinhole diameter was set at 1 airy unit. Fluoroscent and DIC 
images were simultaneously acquired. Enhanced GFP was imaged using 488-nm 
excitation and a 505-nm band pass filter while RFP was imaged using 543-nm excitation 
and a 565-615-nm band pass filter. The figures were created using Photoshop 7.0 
software (Adobe) and the image-adjustments-curves function was used to adjust the 
brightness of the image if required. 
 
 
2.4.2 Transmission electron microscopy  
Conidia were grown on their respective liquid medium overnight at room temperature. 
The hyphae were harvested using the 40 µm cell strainer and washed three times with 
sterile water. The samples were then fixed overnight in 2.5% glutaraldehyde in 0.1 M 
phosphate buffer (pH 7.2.) and post-fixed in 1% (w/v) aqueous OsO4 for 1 hr. 
Subsequently, they were dehydrated in an ethanol series and embedded in Spurr’s resin. 
Ultrathin sections were stained with uranyl acetate and lead citrate and observed with a 






2.4.3  Quantification of Woronin body  
Woronin body quantification was performed by growing the indicated strains on VN 
solid medium with appropriate supplements. Blocks of agar were excised and transferred 
to a microscope slide. The largest hyphae were selected and all HEX assemblies in a 
single field were counted. At a magnification of 1,000X, the field of view have a diameter 
of 200 µm, and this was used to standardize the lengths of the hyphae that were counted. 
To examine the apical compartment, the hyphal tip was placed at the edge of the field of 
view. Subapical compartments were examined ~0.5 cm behind the growth front. The data 
shown were the mean of at least twenty measurements 
 
 
2.4.4 Antibodies  
Primary antibodies were obtained from the following sources: antithiolase, R. 
Rachubinski (University of Alberta Edmonton, Alberta, Canada); anti-porin, F. Nargang 
(University of Alberta Edmonton); anti-GFP, Clontech Laboratories, Inc.; anti-HEX,  G. 
Jedd (Jedd and Chua, 2000) ; and peroxidase-coupled anti-HA, Roche. Secondary 
antibodies were obtained from the following sources: HRP-coupled anti – rabbit IgG (H 
+ L) for use with anti-HEX, anti-Porin, and anti-GFP antibodies, Jackson 








2.4.5  Cellular fractionation  
Mycelium was grown in Vogel’s liquid medium with the appropriate supplements and 
harvested by filtration through Miracloth (EMD). The mycelium was quickly washed 
with ice-cold water and excess liquid was removed by sandwiching the mycelium 
between several layers of paper towels. The ‘pancake’ of mycelium was then frozen in 
liquid nitrogen and ground into a powder in liquid nitrogen using a mortar and pestle. The 
powder was stored at -80oC. 
 
 
  2.4.5.1 Differential centrifugation 
For differential centrifugation, extracts were prepared by resuspending frozen Neurospora 
powder in Tris-buffer containing 100 mM Tris HCl (pH 7.4), 150 mM NaCl, 1 mM 
MgCl2, 2 mM PMSF and a protease inhibitor cocktail (complete EDTA-free; Roche 
Diagnostic, Basel, Switerland). The lysate was applied to a 40-µM cell strainer and 
centrifuged at 1,000 X g for 2 mins to remove hyphae and obtain a crude cellular extract. 
The flow through from this step was centrifuged at 100 X g for 2 mins to remove cellular 
debris and the supernatant was centrifuged at 1,000 X g and 10,000 X g for 45 mins 
(LAH1-344HA) and supernatant and pellet fractions were collected and analyzed by 
western blotting (Figure 5B). For differential centrifugation of WSC, the supernatant was 







2.4.5.2 Nycodenz density gradient centrifugation 
For density gradient centrifugation, the extract was prepared in buffer H (20 mM Hepes, 
pH 6.8, 200 mM sorbitol, 50 mM potassium acetate, and 1 mM MgCl2) and centrifuged 
at 16,000 X g for 45 mins to obtain an organellar pellet. The pellet was re-suspended in 
fresh buffer H and applied to a preformed 17 – 60% Nycodenz gradient (Gentaur Inc.) 
prepared in buffer H and centrifuged in a swinging bucket rotor (SW41; Beckman 
Coulter) at 27,000 rpm for 7 hrs at 4o C. These were re-suspended to equal volumes in 
Laemmli sample buffer (Laemmli, 1970). Western blotting was performed with equal 
volumes of each fraction were separated on SDS-polyacrylamide gel of appropriate 
concentration and blotted on PVDF membrane (Figure 23B). 
 
 
2.4.5.3 Chemicals treatment of the WSC protein  
For extraction experiments shown in Figures 24A and B, the 16,000 X g pellet was re-
suspended in buffer H and adjusted to the indicated conditions by the addition of 4X 
concentrated buffers. The treated samples were incubated on ice for 30 mins and then 
centrifuged at 100,000 X g for 45 mins to obtain pellet and supernatant fractions. These 









2.4.5.4 Biochemistry analysis of the LAH protein 
For Figure 9B (2-HA), 100 µl of the frozen Neurospora powder was added in equal 
volume of 2X LB, boiled and analyzed by western blotting. For Figure 9B (1-HA), frozen 
Neurospora powder was extracted in isolation buffer (20 mM Hepes pH 6.8, 150 mM 
KCl) with 2mM PMSF and protease inhibitor cocktail (Roche) and a crude lysate was 
isolated as described above. The lysate was centrifuged at 6,000 X g for 10 mins and this 
pellet was re-suspended in isolation buffer containing 0.5% Triton X-100 (TX-100). The 
sample was passed through a 5-µm filter and centrifuged at 6,000 X g for 10 mins. The 
pellet was then washed twice in the same buffer using centrifugation 8,000 g for 10 mins. 
The final pellet, highly enriched in WBs was dissolved in 2X LB and analyzed by 
western blotting.  
 
 
 2.4.5.5 Analysis of lipid rafts by flotation 
Total proteins were extracted in 300 µl TNE buffer [50 mM Tris-HCl pH7.4, 150 mM 
NaCl, 5 mM EDTA, 1 mM PMSF, supplemented with protease inhibitors (Roche)]. The 
lysate was cleared from cell debris by a low-speed centrifugation (200 X g). Optiprep 
(Axis-Shield, Olso, Norway) was added to the supernatant to a final concentration of 
40%, overlaid by 1.3ml of 30% Optiprep in TNE and 100 µl TNE. Samples were 
centrifuged for 2 hrs at 55,000 rpm at 4oC in a Beckman TLS55 rotor (Fullerton, CA, 
USA), and six equal fractions were collected from top to bottom of the gradient. Proteins 
were precipitated using methanol/chloroform (Wessel and Flugge, 1984), and the pellets 




CHAPTER 3: Isolation and characterization of leashin (lah) 
3.1 Identification of the Woronin body biogenesis defect mutant lah 
3.1.1 Identification of the lah mutant by visual screening of a deletion strain library  
To identify novel genes involved in WB biogenesis, I screened a deletion strain library 
for defects in WB segregation. The gene deletion strains were obtained from the Fungal 
Genetics Stock Center (Colot et al., 2006). The screen had the following rationale; when 
WBs are not segregated properly as in the wsc mutant, they can plug septal pores in 
undamaged hyphae resulting in a colonial growth phenotype.  I thus first selected deletion 
mutants that displayed defects in hyphal growth and examined the distribution of WBs at 
the apical and sub-apical hyphal compartments for any sign of mis-localization of WBs 
by light microscopy. Next, gene deletion strains that were suspected to have WB 
biogenesis defects were grown on VB/VT plate to identify strains that exhibit “bleeding’” 
phenotype under a high sorbose concentration. The high sorbose concentration will cause 
cell tip lysis and this result in extensive cytoplasmic loss termed the “bleeding 
phenotype”. Phyloxin dye was used to enhance the detection of extensive cytoplasmic 
loss in mutants with WBs segregation defects. The list of deletion genes that I have 
screened is found in Table 2. 
 
From the screen, I obtained two deletion strains with defects in WB biogenesis. Both 
strains exhibit slow growth, small hyphae and accumulate HEX assemblies 
predominantly in the apical region of the hyphae. This is in contrast with the wild type 
strain where WBs are evenly dispersed throughout the whole mycelium. The genes 




Next, I crossed both Δada-3 and ΔNCU07817.3 strains with the wild type strain to 
determine if the WB biogenesis defect phenotype was linked to the deleted genes. 
Surprisingly, from the backcross, I found that the mutant phenotype segregated 
independently from the HYG marker and behaved as a single recessive mutation. In 
addition, when cloned ada-3 and NCU07817.3 genes were transformed into their 
respective deletion strains, defects in WBs segregation were not rescued. This indicates 




3.1.2 Identifying lah by genetic mapping, CAPs markers and complementation using 
a cosmid library 
 
I chose to identify the background mutation gene of the ΔNCU07817.3 strain. This was 
because background mutations from both Δada-3 and ΔNCU07817.3 strains exhibit 
exactly the same phenotype, suggesting that the same gene is mutated in both strains.  
 
Several N. crassa linkage tester strains were used to map the WBs segregation defective 
mutant. These tester strains have either phenotypic or selective nutritional markers of 
which the genetic loci are known. If the position of the mutant gene is close to the gene 
loci of the marker in the tester strain, the frequency of genetic linkage of the mutant gene 
and the particular marker will be less than 50 percent.  Using these tester strains, I 
mapped the mutant gene to contig 7 on the left arm of chromosome 1 (Table 3 and Figure 
2A). Unfortunately, the number of tester strains that can be used in N. crassa is not 




described below using CAPs markers was subsequently used for fine mapping to locate 
the mutated locus.  
 
Recently, an efficient and rapid PCR-based molecular marker method has been employed 
for genetic mapping purposes (Jin et al., 2007). In this method, CAPs markers are used to 
amplify specific regions of the N. crassa genome containing the polymorphic syntenic 
markers. The syntenic markers have differences in DNA sequences between the Oak 
Ridge strain that is commonly used and the tester Mauriceville strain. A specific 
restriction enzyme is selected to differentiate the differences in DNA sequences between 
the two parental strains as the enzyme can only digest the syntenic markers from one of 
the parental strain. The genetic distances between the syntenic markers in N. crassa have 
been determined. In this way, I can determine the genetical linkage of the mutant gene 
using CAPs markers. The CAPs marker method is fast as it involves progenies from the 
mating of the mutant and wild type Mauriceville strains and only 90 PCR amplifications 
are required for comprehensive coverage of the N. crassa genome. Using CAPs markers, 
I also mapped the mutant to contig 7 at the left arm of chromosome 1 (Figure 2B). 
Therefore, two independent mapping methods indicated that the mutant gene is found in 
contig 7 at the left arm of chromosome 1. 
 
To identify the mutated gene, cosmid clones covering contig 7 and its surrounding 
contigs in chromosome 1 were transformed into the mutant and the transformed strains 




One cosmid, H091 D4, was able to complement the WB segregation defects in the mutant 



















Figure 2. lah is identified by positional cloning and the CAPs marker methods. (A) 
A schematic diagram showing a set of markers on the left arm of chromosome one. The 
recombination frequency between lah and these markers is indicated at the top. The CAP 
marker 1-226 is found to be near to the predicted lah in both genetic and physical map. 
CAP marker 1-30 is at the right arm of chromosome one while 2-60 is at chromosome 
two. (B) Crossing of wild type Mauriceville strain with Oak Ridge strain exhibiting lah 
phenotype was done. gDNA from the progenies based on phenotype were isolated. Bulk 
gDNA from progenies with wild type phenotype, with lah phenotype and 1:1 mixture of 
the two phenotypic bulks was analyzed with CAPs marker 1-226, 1-30 and 2-60. 
Phenotypic bulks are the mixtures of all the gDNA collected from the progenies with 
wild type and lah phenotype. Reciprocal patterns in the two phenotypic bulks that differ 
from those of the mix are indicative of linkage. In this case, bulk gDNA from progeny 
with lah phenotype only contained Oak Ridge polymorphism at 1-226 while the wild 
type bulk contained only Mauriceville polymorphism. This indicates a strong genetic 
linkage between the lah mutation and the loci at CAP marker 1-226. Both CAP markers 
1-30 and 2-60 showed equal parental polymorphisms as indicated by the two bands. This 






3.1.3 lah encodes the largest predicted protein in N. crassa  
The cosmid clone H091 D4 which complements the mutant WB segregation defect 
contains a single gene (NCU02793.3). The gene is predicted to encode the largest protein 
found in the Neurospora proteome (10,821 amino-acids). Based on the functional 
analysis that will be described later, the identified gene was named leashin (lah). The lah 
gene possesses homologs in all sequenced genomes of the Pezizomycotina (Figure 3). 
The predicted polypeptides of all the homologs in Pezizomycotina range in size from the  
smallest in A. nidulans (5,936 amino-acids) to the largest in Giberella zea (7,480 amino-
acids). In general, all the LAH homologous proteins are highly conserved at the N- and 
C- terminal sequences (Figure 3A and B). N. crassa LAH is a highly acidic protein with 
three repetitive regions, R1, R2 and R3 which are enriched in proline, leucine, aspartic 
acid and glutamic acid (Figure 3C). R1 consists of 18 repeats with a core consensus 
sequence- LPVDEDLDLLPALPES while R2 and R3 contain 33 repeats of a consensus 















Figure 3. Dot plot alignment of lah from various species and alignment of N. crassa 
lah repetitive sequences. (A) Dot plots reveal repetitive sequences R1, R2 and R3 in the 
predicted LAH polypeptide. R1 contains 18 repeats centered on a core consensus 
sequence, LPVDEDLDLLPALPES, and R2 and R3 contain 33 repeats of the consensus 
sequence, PEEVELPASP. Red bars indicate two predicted coiled-coil domains. The 
schematic lah locus indicates conserved regions (black bars) and repeat regions R1, R2 
and R3 (light gray bars). (B) Sequence comparison with Dotter software (Sonnhammer 
and Durbin, 1995) reveals repetitive sequences and shows that N-and C-termini tend to 
be conserved while intervening sequences are poorly conserved at the primary sequence 
level. an, Aspergillus nidulans; af, Aspergillus fumigatus; cg, Chaetomium globosum; nc, 
Neurospora crassa. Scale is in amino acid residues. (C) Eighteen R1 sequences and 33 
R2 & R3 sequences were aligned using Clustal W (Thompson et al., 1994)]. Acidic 
residues are colored blue, basic residues are red, hydrophobic sequences are green and 




3.1.4 Characterization of the lah mutant 
Next, I would like to understand how the lah mutation affects WB biogenesis. The lah 
mutant exhibits slow growth and accumulates HEX assemblies in the apical region of the 
hyphae (Figure 4A). This phenotype is similar to that of the wsc mutant previously 
identified in our laboratory (Liu et al., 2008), suggesting that LAH functions in WB 
inheritance and implies a possible interaction between LAH and WSC. 
 
To assess the function of WSC in the lah mutant background, I transformed WSC-GFP 
and PTS1-RFP (a peroxisome matrix marker) into the lah mutant. In the lah mutant, HEX 
assemblies are attached normally to the peroxisomal membrane with WSC-GFP 
surrounding the HEX assemblies to produce asymmetric intermediates (Figure 4B). 
However, these structures are abnormally clustered in the apical region (Figure 4B). WB 
biogenesis is initiated at the apical region of the hyphae and peroxisomes containing the 
nascent WBs are attached to the cell cortex prior to the fission of mature WB from the 
peroxisomes (Tey et al., 2005). Thus, in the lah mutant strain, the clustering of nascent 
WBs at the hyphal tip and the inability of these to attach with the cell cortex indicate a 
defect in inheritance by cell cortex association. These results further suggest that lah 





















Figure 4. The lah mutant accumulates nascent WBs in the apical hyphal 
compartment. (A) WB inheritance defects were quantified in the lah mutant and the 
known WB inheritance mutant wsc. The distribution of HEX assemblies was determined 
over a hyphal length of 200 µm in the apical (a) and sub-apical (sa) hyphal compartments. 
(B) Nascent WBs are attached to the peroxisomal membrane in the original lah mutant. 
HEX1 assemblies can be seen in the DIC channel. WSC-GFP reveals assembly of the 
sorting complex and RFP-PTS1 reveals the peroxisome matrix. Arrowhead points to a 











3.2 Characterization of LAH 
3.2.1 An N-terminal domain of LAH physically associates with the Woronin body 
I speculated that LAH should be localized to the WB if it is directly involved in WB 
segregation. However, LAH is too large to be tagged with HA or GFP at either the N- or 
C-terminal end for both microscopic and biochemical analysis. Thus, to identify the 
domain in LAH that might be localized to the WB, various fragments of LAH were fused 
to red fluorescent protein (RFP). These tagged protein sequences consisted of the 
conserved N and C- terminal domains and the three repetitive acidic regions (R1, R2 and 
R3).  I found that the first 344 amino acids of LAH co-localized with WSC-eGFP at the 
WB membrane (Figure 5A). The other fusion polypeptides did not exhibit any obvious 
localization pattern. These results show that the first 344 amino acids of LAH contain the 
signal for WB association. 
 
 
3.2.2 LAH requires the C-terminal domain of WSC for Woronin body localization  
Earlier, I had shown that LAH acts downstream of WSC. This suggests that the 
localization of LAH to WB may require WSC. Differential centrifugation studies had 
shown that HEX, the WB-core protein is found in the pellet fraction after centrifugation 
at 1K ×g (Jedd and Chua, 2000). Therefore, I hypothesized that like HEX, potential WB 
associated proteins such as LAH should be found in the pellet fraction after 
centrifugation of cellular extracts at a low centrifugal speed. Since the first 344 amino 
acids of LAH was shown to be sufficient for WB localization, I decided to generate a 




showed that even at a very low speed, the first 344 amino acids of LAH was found 
predominantly in the pellet fraction in wild type (Figure 5B). This is consistent with the 
localization pattern of HEX protein under differential centrifugation (Figure 23A). 
Importantly, in Δwsc strain, the first 344 amino acids of LAH were found primarily in the 
soluble fraction, indicating that LAH associates with WBs via WSC (Figure 5B).  
 
Interestingly, when the C-terminal tail (Δ244-307) of wsc was deleted, the strain 
exhibited the same phenotype as the lah mutant. That is, WB segregation was blocked but 
the HEX assemblies were still enveloped by WSC (Figure 5C), indicating that the C-
terminal tail of WSC is required for WB inheritance but not HEX envelopment.  In 
addition, localization of LAH1-344 RFP to WBs was abolished in the WSC C-terminal 
deletion strain (Figure 5D). All together, these data demonstrate that the N-terminal 
domain of LAH associates with WBs through the C-terminal region of WSC. In the 
future, a yeast two-hybrid analysis could be undertaken to determine if WSC and the N-



















Figure 5. The N-terminal region of LAH associates with WBs via the C-terminal 
region of WSC. (A) The first 344 amino acids of LAH co-localizes with WSC at the WB 
surface. LAH1-344-RFP was co-expressed with WSC-GFP and visualized by confocal 
microscopy. Bar = 2 µm. (B) LAH1-344 association with the dense organellar fractions 
depend on the presence of WSC. LAH1-344-HA was expressed in both the wild type and 
the wsc mutant. Crude organellar fractions (T) were separated into supernatant (S) and 
pellet (P) fractions following centrifugation at 1 K and 10 K xg for both strains. The 
distribution of LAH1-344-HA were revealed with anti-HA epitope antibodies. (C) The C-
terminal tail of WSC is required for WB segregation but not the production of nascent 
WBs. The HEX1 assembly distribution was assessed in a strain expressing WSCΔC-GFP. 
Inset shows the distribution of WSCΔC-GFP and RFP-PTS1, which revealed the 
peroxisome matrix. (D) LAH1-344
 
does not associate with WB in the WSCΔC-GFP 
expressing strain. WSCΔC-GFP and LAH1-344-RFP were co-expressed and visualized as 







3.2.3 Woronin body associated LAH is detergent insoluble 
WSC assemblies are detergent insoluble and microscopic images shown that WSC-GFP 
is still associated with the refractive WB after 1% Triton X-100 treatment (Figure 24A 
and B). Since the N-terminal domain of LAH is found to be associated with WSC, it is 
possible that LAH1-344 forms a detergent resistant complex with WSC. To address this 
likelihood, I treated the wild type strain co-expressing LAH1-344RFP and WSC-GFP with 
1% Triton X-100. Similar to WSC, LAH1-344RFP is detergent resistant (Figure 6), 
indicating that HEX, WSC and the N- terminal domain of LAH interact to form a high-
order detergent resistant oligomer. 
 
This data is fascinating as most integral membrane proteins are soluble upon detergent 
treatment. Only aggregates such as prions and proteins associated with lipids are known 
to be resistant to detergent. Currently, our studies indicate that WB associated proteins, 
WSC and LAH-1 are resistance to detergent treatment. Thus, future works to identify 



















Figure 6. The N-terminal region of LAH is also resistant to detergent treatment. WB 
organellar extracts obtained from the LAH1-344RFP WSC–GFP expressing strain received 
the indicated treatments and WSC–GFP and LAH1-344RFP were observed by 










3.2.4 The 3’ region of the predicted lah locus is not involved in Woronin body 
inheritance 
 
In the lah mutant, there is a defect in WBs inheritance (Figure 4A). Thus, I was interested 
in determining the regions in LAH that are required for WB inheritance. Since LAH is a 
gigantic protein, I was unable to use the conventional methods for tagging and functional 
analysis. Hence, in order to address this question, homologous recombination was used to 
generate a series of lah truncations. In the method, a stop codon was introduced at the 
indicated positions of the predicted lah gene using hyg as a selection marker (Figure 7). 
Numbering from the start codon, truncation at nucleotide positions 3604, 14902 and 
16981 produced defects in WB inheritance and growth while truncations at 17680, 25786 
and 31603 did not interfere with WB segregation but caused mild defects in hyphal 
extension (Figure 7). These data indicate that the 5’ half of the lah locus is required for 























Figure 7. The 3’ sequences of lah are dispensable for WB associated functions. 
Growth rate and WB segregation were assessed in the indicated strains. Truncations were 
produced at the indicated positions by integrating stop codons to lah. The last two 
cartoons depict epitope tagged versions of lah produced by marker fusion tagging. 
Yellow = hyg
 









3.3 Marker fusion tagging (MFT), a new method to produce chromosomally 
encoded fusion proteins    
As lah is too large to be studied by conventional methods, a novel method named MFT 
was devised to introduce tags to chromosomally encoded genes. Briefly, fusion PCR was 
used to create an in-frame fusion between hyg with either eGFP or 3X HA epitope tag. A 
second round of fusion PCR was then used to join the in-frame fragments of ~ 500 to 700 
bp at each ends of lah to this central cassette. Integration of this cassette by homologous 
recombination into lah locus results in the production of a fusion protein where 
hygromycin resistance is generated by the chromosomally encoded fusion protein (Figure 
8). In MFT, the integration of hyg-GFP/HA into the lah locus allows us to tag full-length 
chromasomally encoded genes.  MFT also allows functional dissection by delection 
analysis.  
 
In N. crassa, it is infrequent for extracellular DNA to be integrated into its genome by 
homologous recombination (Ninomiya et al., 2004). However, when N. crassa genes 
mus-51 and mus-52 homologous to human KU70 and KU80 are deleted, the disrupted 
strains are highly efficient recipient for gene targeting (Ninomiya et al., 2004). The rate 
of homologous recombination increases from 10 to 30% from wild type cells to 100% in 
Δmus-51 and Δmus-52 strains (Ninomiya et al., 2004). In addition, the Δmus-51 and 
Δmus-52 strains do not display any other phenotype and are normal in growth and 
conidation. Hence for all our MFT and integration experiments, I used the strain GSF#71 











Figure 8. Basic principle of MFT. (A) Plasmids with eGFP, RFP or HA tagged to hyg 
were generated. (B) For each integration fragment, three DNA fragments are amplified 
using a total of six primers. Primers 1 & 2 amplify genomic DNA corresponding to the 
left flank, primers 3 & 4 amplify the plasmid containing the hyg-gfp fusion tag and 
primers 5 & 6 amplify the right flank. Primers 2 & 3 and 4 & 5 are complementary to 
each other and determine the fusion junction. (C) Primers 1 & 6 amplify the fusion tag 
that is to be integrated into the genome. (D) When the tag is integrated within the gene of 
interest, the stop codon at the end of the tag is excluded from primers 4 & 5, but is 
included for C-terminal tags. Primers 7 & r and primers f & 8 are used to check for 
correct integration site at the 5’ and 3’ regions respectively. Primers 9 & 10 are used to 
determine if the strain is a homokaryon. For simplicity, the figure depicts a single 











3.3.1 LAH MFT tags localize to distinct compartments 
Using MFT, hyg-GFP was integrated to weakly conserved regions of predicted lah 
biased to the N- (1-GFP) and C- terminus (2-GFP). Both 1-GFP and 2-GFP strains 
displayed wild type growth rate and normal WBs segregation (Figure 8), indicating that 
the integration of hyg-GFP cassette does not affect LAH function. Similar to LAH1-344 
RFP, LAH 1-GFP is localized to the WB surface when observed by confocal microscopy 
(Figure 9A). This further supports the idea that LAH localizes to the WB.  Interestingly, 
in the 2-GFP strain, LAH was localized to the septal pore in the sub-apical compartment 
and in a single punctate structure immediately beneath the growing apical hyphal tip 
(Figure 9A).  To further investigate the localization of lah, further insertions at various 
positions of lah were performed (Figure 9A). Integration of hyg-GFP at 3-GFP position 
of lah was localized to the WB while hyg-GFP at the 4-GFP position was localized to the 
septal pore and hyphal tip. Together these data suggest that lah encodes two distinct 
polypeptides.  
 
Furthermore, when position 1 (1-HA) and 2 (2-HA) were HA epitope tagged using MFT, 
LAH in 1-HA strain was found in WBs enriched fractions and migrate at ~400 kDa in 
SDS-PAGE while LAH in 2-HA strain was migrating at ~450 kDa (Figure 9B). In 
addition, I also performed northern blotting to verify the size of the two lah transcripts. 
However, I was unable to detect lah transcripts by northern blotting. This might due to 
the technical difficulties in transferring large mRNA onto the membrane and / or low 
abundance of these transcripts. Taken together, these data indicate that lah produces two 




3.3.2 Evidence that lah encodes two independent transcriptional units 
There are two ways that lah can produce two proteins. First, a single polypeptide can be 
post-translationally processed to produce two proteins. Alternatively, the predicted locus 
may consist of two independent transcription units. To test which hypothesis is correct, I 
used the 2-GFP strain and performed a second round of insertional mutagenesis using the 
∆pan-2 as an additional selective marker for the selection of transformants. Briefly, the 
pan-2 gene with its native promoter and terminator was amplified from A. nidulans 
genomic DNA (gDNA) and the product was integrated at position one of the 2-GFP, 
∆pan-2 strain. This strain is called 1-STOP, 2-GFP (Figure 9C). If the first hypothesis is 
correct and the two proteins are processed from a single precursor, the stop codon placed 
at position one should abolish any GFP signals in the 2-GFP strain. If the second 
hypothesis is correct, the fluorescence produced by the 2-GFP tag should still be 
produced when a stop codon is created at position one. In the 1-STOP, 2-GFP strain, GFP 
was still found to localize to the septal pore and apical tip (Figure 9C). Taken together, 
this indicates that there are two independent transcripts produced from the lah locus. The 
two transcripts will be called lah-1 for the 5’ half that is localized to WB and lah-2 for 


















Figure 9. MFT reveals distinct localization patterns of tagged versions of LAH; 
evidence of two transcriptional units. (A) Confocal microscopy images revealed 
distinct non-overlapping localization patterns of MFTs at position 1 and 2. 1-GFP was 
localized exclusively to the WB (left panels) and 2-GFP was localized to the hyphal tip 
and septal pores (right panels). The inset shows a 2-GFP ring structure, which could be 
seen in large hyphae. Arrows indicate the WB, which was not decorated by the 2-GFP tag. 
Box indicates the region that was magnified in the right most panels. Left bar = 2 µm, 
right bar = 5 µm. The lower cartoon summarizes results from MFT tags at positions 1, 2, 
3 and 4. Yellow and green bars represent hyg
 
and eGFP, respectively. (B) HA epitope 
tags at positions 1 and 2 migrate as distinct polypeptide. 1-HA was detected in the WB 
enriched fractions and 2-HA was detected in the total cell extracts. Molecular size in kDa 
was indicated. (C) The localization of 2-GFP is impervious to introduction of a stop 
codon at position 1. The panB gene from Aspergillus nidulans was used as a selective 
marker (magenta bar). Lower panels show the GFP localization at the septal pore in both 







3.4 Characterization of lah-1 and lah-2 
Next, I sought to identify the 3’ end of lah-1 and promoter region of lah-2. The genomic 
sequences of lah provided by the Broad Institute 
(http://www.broadinstitute.org/annotation/genome/neurospora/GeneDetails.html?sp=S70
00000693039680) did not give us any hint about the 3’ region of lah-1 and 5’ region of 
lah-2 in these two transcripts. I hypothesized that there might be unidentified introns 
present in lah which could alter its sequences.  
 
 
3.4.1 Identification of new introns in the lah locus 
In order to test this hypothesis, reverse transcription-PCR (RT-PCR) was performed to 
amplify overlapping fragments of the entire lah locus (Figure 10). Briefly, 
complementary DNA (cDNA) of wild type and Δlah strains and wild type gDNA were 
used to amplify overlapping fragments of the predicted lah locus. The size of the 
fragments amplified ranged from 400 bp to 1500 bp. The presence of an intron in the 
region amplified was detected by a size difference between wild type cDNA and gDNA 
templates and introns were sequenced. All of the seven introns predicted by Broad 
Institute N. crassa database were confirmed. In addition, seven new introns were found 
and six of them were in frame with predicted lah exons (Figure 10, 11A and Table 13). 
However, one new intron (intron 10) creates an alternative reading frame. Further 
characterization of this intron will be discussed in the next section. In addition, our 





3.4.2 Identification of a C-terminal domain of lah-1 that is required for tethering 
Intron 10 creates a new exon of 2607 bp, which leads to a downstream stop codon 
(Figure 11A), suggesting that splicing at intron 10 produces the 3’-end of LAH-1. To 
determine the localization of the protein encoded by this new reading frame, a MFT tag 
(5-GFP) was introduced in frame with the new reading frame just after intron 10. LAH-1 
encoded by 5-GFP strain was found on the WB surface, suggesting that the new exon 
encodes the C-terminus of LAH-1. Surprisingly unlike 1-GFP and 3-GFP strains, the 
signal from 5-GFP MFT tag was enriched in the region between the WB and cell cortex 
(Figure 11B). This indicates that the LAH-1 C-terminal domain clusters at the cell cortex 
and this localization is consistent with LAH-1 acting as a tether for the attachment of 
WBs to the cell cortex. In addition, there is no defect in WB segregation and growth in 
the 5-GFP strain. All together, these data suggest that the new exon encodes the C-
terminus of LAH-1. 
 
Next, I wondered if the new exon generated from the splicing of intron 10 encodes a 
protein domain that is sufficient to recognize the cell cortex.  To address this question, 
the 2607 bp exon was tagged with GFP and transformed into N. crassa. I did not observe 
any fluorescence in these strains. Thus, while my deletion analysis shows that the 3-end 
of lah-1 is required for tethering (Figure 7), these sequences appear to require other 
regions of the protein to recognize the cortex.   
 
Interestingly, our RT-PCR results indicate the presence of two distinct DNA bands 




from these reactions corresponded to introns 10 and 12 respectively (Figure 10). 
Subsequent sequencing of the DNA bands revealed the presence of incomplete splicing at 
introns 10 and 12. The presence of incomplete splicing of introns might indicate that 
evolution is still ongoing and eventually would lead to the complete spliced form of 
intron 10 and 12. Alternatively, incomplete splicing introns might suggest that various 
spliced variants are generated from lah and they are required for different developmental 
functions in N. crassa.  
 
Since there is an incomplete splicing of intron 10, I tested if the unspliced lah sequence 
generates any protein after intron 10. An MFT tag (6-GFP) in frame with the original lah 
protein sequence was inserted just after intron 10 (Figure 11C). Surprisingly in the 6-GFP 
strain, the GFP fluorescence is observed at the tips of the growing hyphae, at the WBs 
and some of the septal pores, albeit weakly (Figure 11C and D). This suggests that the 
unspliced (intron 10) version of lah-1 reads into downstream sequences of lah-2, picking 
up some of the sequences required for tip and septal pore localization. Taken together, 
this shows that tagging of GFP in frame with the original sequences just after intron 10 is 
able to translate a protein that consists partly of LAH-1 and LAH-2. However in the 6-
GFP strain, the 3’ end of lah-1 is disrupted, resulting in the apical accumulation of WBs 
(Figure 11C and D). This further strengthens the hypothesis that the new reading frame 
generated after intron 10 contains the 3’ end of lah-1 which is important for WB 
segregation. Unfortunately, the function of the protein that results from the unspliced 









Figure 10. Analysis of lah mRNA by reverse transcription-PCR. Seventy three primer 
pairs were designed to amplify overlapping fragments covering the entire predicted lah 
locus. First lane: size standard. Second lane: PCR product using cDNA of the Δlah-1, 
Δlah-2 strain which act as a negative control. Third lane: PCR product using cDNA of 
wild type strain as a template. Fourth lane: PCR product using wild-type gDNA to detect 
the presence of intron. The lanes are labeled as shown in number 1 and 72& 73. Size 
differences between lane 3 and 4 reveal introns. These fragments were cloned and 
sequenced and introns are indicated with a bar. Newly identified introns are marked with 
an asterisk. In number 31, the product was amplified using primer pair falling within 
intron 9. Thus, the box at number 31 indicates a negative reaction at lane 3 which shows 
























Figure 11. Identification of the 3’ end of lah-1. (A) The cartoon depicts the structure of 
the lah locus. Thick solid lines are exons and the positions of MFT tags are indicated 
along with their localization to either the WB or the sepal pore (SP). Scale is indicated in 
kilobases (Kb). Introns are depicted as gaps and numbered. Introns identified in this study 
are marked with an asterisk. The alternative exon derived from splicing at intron 10 is 
indicated as a blue bar. (B) Primers amplifying fragments containing intron 10 have 
identified incomplete splicing of the intron.  (C) An MFT tag (5-GFP) in the alternatively 
spliced exon is localized to the WB with a slight enrichment between the WB and cell 
cortex. Bar = 2 µm. (D) Confocal microscopic images show the localization of LAH in 





































3.4.3 Identification of the lah-2 promoter  
I next sought to identify the promoter region of lah-2. Overlapping 1.5 Kb fragments 
from the putative promoter region of lah-2 were fused to hyg and their ability to confer 
hygr in wild type cells were assessed (Figure 12A). The rationale is that if the selected 
fragment contains the promoter region of lah-2, functional HYG will be transcribed and 
translated. Seven fragments just after intron 10 encompassing ~ 10KB were studied and 
one fragment was found to be able to engender stable levels of hygr colonies comparable 
to the strong ccg-1 promoter (Tey et al., 2005) (Figure 12A). Next, hyg-HA was fused 
downstream of lah-2 promoter and the ccg-1 promoter. Western blot data showed that 
both proteins were expressed at a similar level (Figure 12B).  Together, these data 























Figure 12. Identification of the promoter region of lah-2. (A) The cartoon depicts the 
structure of the lah locus. Gray arrows depict DNA fragments that were fused to hyg and 
transformed to assess their ability to promote hygromycin resistance in a stable 
transformation assay as described in methods and materials. (B) The graph indicates the 
transformation efficiency of these fragments compared with the strong ccg-1 promoter. 
Inset panels show the levels of protein expressed from three randomly picked colonies 
expressing an HA epitope tagged version of hyg-HA
 












3.5.1 Model of Woronin body biogenesis 
WB biogenesis occurs through a series of steps that link organelle morphogenesis and 
inheritance. Expression of hex-1 at the apical region of the hyphal determines WB 
synthesis in the apical compartment (Tey et al., 2005). Here, newly synthesized HEX-1 is 
imported into peroxisomes via its consensus PTS1 sorting signal and self-assembled de 
novo into micrometer scale protein complexes (Jedd and Chua, 2000; Tey et al., 2005). 
Subsequently, WSC envelops the HEX assemblies in the peroxisome membrane to 
produce asymmetric budding intermediates (Liu et al., 2008). Later, through physical 
association with the cell cortex, nascent WBs bud off from the peroxisomes and are 
inherited into sub-apical compartments where they are immobilized and poised to execute 
their function in septal pore sealing (Figure 13) (Jedd and Chua, 2000; Tenney et al., 
2000; Tey et al., 2005). In this study, I have identified a novel protein LAH-1, which acts 
as a tethering protein for attachment of WBs to the cell cortex (Figure 13). In addition, I 
showed that the WB localization of LAH-1 requires its N-terminal domain and the C-
terminal region of WSC. Without LAH-1, nascent WBs fail to segregate and instead 
aggregate in the apical compartments (Figure 4B). The lah-1 mutant, accumulates 
nascent WBs, suggesting that membrane fission of the WB from the peroxisome occurs 
after cortex association. Taken together, these results are consistent with a model where 
WB biogenesis occurs via an ordered assembly pathway that proceeds outward from the 














Figure 13. Model showing biogenesis of WB in peroxisome matrix. (A) HEX-1 will 
self assembly in the peroxisome matrix to form the dense HEX assemblies. (B) WSC 
localized asymmetrically and envelops the WB at the peroxisome membrane region. (C) 
Fission of WB from the peroxisome membrane. The WB is enveloped by both WSC and 
LAH-1, a tethering protein. (D) Legend indicates symbols used to depict proteins 










3.5.2 Identification of a new component of Woronin body biogenesis machinery 
N. crassa gene NCU02793.3 (leashin) was identified as being involved in WB biogenesis 
from a screen performed on a gene deletion library. Using a novel method, MFT, I 
showed that the predicted lah actually consists of two independent transcription units 
which were named lah-1 and lah-2. The MFT method allows us to chromosomally tag an 
encoded gene at any position through a single recombination event. In addition, partial 
deletion of the gene using MFT allows us to identify domains that are essential for 
function.  The only drawback is that since the native promoter is used to express the 
chromosomally encoded gene, MFT can only be used when the gene studied is 
vegetatively expressed. By using MFT, I showed that the LAH-1 is involved in WB 
biogenesis while LAH-2 plays a role in the growth of N. crassa and localizes in a novel 
pattern, at the growing hyphal apex and septal pore.  
 
 
3.5.3 LAH-1 functions as a Woronin body tether  
N. crassa LAH-1 possesses properties consistent with a tethering fiunction. The N-
terminal domain is sufficient for localization to the WB while its C-terminal domain is 
required for association with the cell cortex. These domains are separated by a large and 
poorly conserved region of the protein that spans the distance between the WB and cell 
cortex. The central regions of both LAH-1 and LAH-2 contain repeats, which are highly 
acidic and enriched in the amino acids, PELS. Interestingly, Titin protein found in the 
vertebrate muscle contains numerous PEVK repeats. These PEVK repeats are known to 




WBs can be manipulated by using laser-tweezers and are observed to recoil towards the 
septum after being pulled and released. This suggests that WB might be associated with a 
tether that is elastic (Berns et al., 1992). In this case, the similarities between the PEVK 
regions of Titin and PELS regions of LAH proteins may represent overlapping 
convergent solutions to the problem of protein elasticity. 
  
Tethering is an essential strategy to control and coordinate the activities and spatial 
distribution of cellular organelles in eukaryotes. For example, tethers help in determining 
the specificity of vesicle trafficking and the organellar structure at the Golgi during 
secretion (Short et al., 2005; Sztul and Lupashin, 2006). Also, tethers such as Mitofusin 2 
can provide a stable connection for the efficient communication between the ER and 
mitochondria (de Brito and Scorrano, 2008). This allows the efficient uptake of calcium 
ions from the ER to the mitochondria. Ablation or silencing of mitofusin 2 in mouse 
embryonic fibroblasts and HeLa cells can disrupt ER morphology and loosens ER-
mitochondria interactions. In N. crassa, LAH-1 tether protein acts as a structural bridge, 
allowing WB inheritance and holds the organelle in position at the cell cortex until 
signals from cellular damage induces its release. WB is then translocated to the septal 
pore and initiates membrane resealing. Future work focused on the release of WBs from 
the cell cortex upon cellular damage should provide insights into reversible tethering, 
fungal signal transduction and plasma membrane dynamics. Also, the cell cortex receptor 






3.5.4 Why are LAH proteins so large? 
WBs are found close to the septal pore at a distance of 100 to 200 nm and are spherical 
with a diameter in the range of 120-750 nM in most of the Pezizomycotina (Markham 
and Collinge, 1987). I hypothesized that the length of LAH in different Pezizomycotina 
species might determine the spacing between the cell cortex and WB. Vertebrate Titin 
which is the largest known protein is 4 mega-Daltons in size and has been purified and 
measured at approximately 1 μm in length (Sarkar et al., 2005). lah genes in the 
Pezizomycotina are predicted to encode proteins with sizes between 600 and 800 kDa 
and are expected to span a distance of around 200 nm, based on the size of Titin. This is 
in reasonable agreement with the observed distance between WBs and the septum (Tey et 
al., 2005). Tethering at this distance may permit a fully open septal pore, while 
maintaining close proximity and efficient pore sealing in response to cellular damage. 
These considerations can account for the large size of LAH proteins. 
 
 
3.5.5 Incomplete splicing of lah gene 
In this study, I identified seven new introns in lah.  Two of these introns, introns 10 and 
13 are found to be incompletely spliced. Splicing at intron 10 introduces a downstream 
termination codon and this alternative exon produces a domain that concentrates between 
the WB and cell cortex (Figure 11B). This implies that the C-terminal domain of LAH-1 
extends towards the cell cortex. Truncation experiments further showed that this region 
of lah-1 gene is important for WB inheritance (Figure 7), suggesting that it may 




inefficient (Figure 10) which might indicate that a certain proportion of primary 
transcripts read into the lah-2 gene. This is consistent with our recovery of overlapping 
cDNA fragments that include both lah-1 and lah-2 genes. It might also suggest that 
evolution which caused a split between lah-1 and lah-2 genes remains incomplete. Future 
work might address the possible function of the incompletely splicing of introns 10 and 
12. 
 
Alternative splicing is a major mechanism of generating protein diversity in higher 
eukaryotes (Cai et al., 1998; Neverov et al., 2005). Hence, the alternative splicing at 
introns 10 and 12 might indicate that there could be further transcripts not identified in 
this study. On the other hand, the introns might be alternatively spliced according to the 
developmental stages of N. crassa. Thus, future work can be aimed at determining the 
function of alternative splicing in the lah gene of N. crassa. 
 
 
3.5.6 What is the receptor that recognizes Woronin bodies at the cell cortex?  
One interesting question is the identity of the receptor that recognizes the LAH-1 tether at 
the cell cortex. Previously, analysis using the nanoelectrospray tandem mass 
spectrometry has identified WB as a major protein found on the cell wall in purified cell 
wall isolated from T. reesei (Lim et al., 2001). Future work might include performing a 
similar mass spectrometry experiment on the cell wall fractions in N.crassa to identify 
the potential WB receptor at the cell cortex. However, there will be a lot of technical 




level of this receptor is likely to be very low at the cell cortex. Otherwise, there would be 
a lot of WBs attaching to the cell cortex. Lastly, we cannot rule out the possibilities that 
WB might recognize and interact with lipids found on the cell cortex instead. 
 
In each hyphal compartment, there are about a dozen WBs attached to the cell cortex and 
they neither obstruct protoplasmic flow in the hypha nor through the pore (Liu et al., 
2008; Ng et al., 2009; Tey et al., 2005). However, when there is damage to the hyphal 
integrity, only a single WB from the adjacent hyphae dissociates from the cell cortex, 
moves rapidly and plugs the septal pores while the other WBs nearby maintain their 
respective positions. This suggests that an active mechanism is required to transport WBs 
to the septal pore upon hyphal injury. Currently, it is unknown what causes the 
dissociation of a single WB from the cell cortex. Changes in the osmotic pressures or 
ionic signaling in damaged hyphal compartment are some of the possible mechanisms to 
initiate WB septal pore plugging. 
 
 
3.5.7 Septal pore cap performs similar functions in the Basidiomycetes phyla 
Both the Ascomycetes phyla which N. crassa belongs to and the Basidiomycetes phyla 
possess perforated septa (Dhavale and Jedd, 2007). However, unlike the Ascomycetes, 
the Basidiomycetes fungi do not contain WBs. Interestingly, in the Basidiomycetes, an 
electron dense septal pore cap (SPC) structure is found close to the peforated pore and 
plug the pore to maintain cellular and intrahyphal homeostasis when there is hyphal 




known. Also, the SPCs contain several morphotypes and are derived from the ER instead 
of peroxisomes (van Driel, 2007). Taken together, it appears that two independent 
evolutionary pathways have emerged to plug the septal pores in times of stress and 
hyphal damage using different strategies (van Driel et al., 2008). Thus, by maintaining 






















CHAPTER 4: Function of LAH-2 
4.1 LAH-2 is involved in growth 
In the previous chapter, I showed that the lah locus encodes two independent proteins. 
The 5’ portion of leashin encodes LAH-1, which is involved in WB biogenesis. The 
downstream gene, which encodes LAH-2, is not required for WB function. By using 
MFT, LAH-2-GFP fusion protein was shown to localize to the growing hyphal apex and 
septal pore rim (Figure 9A). Time lapse movies indicate that a focus of LAH-2-GFP 
fluorescence is continuously associated with the apical hyphal tip that is growing rapidly 
(Figure 14A).  In contrast, LAH-2-GFP dissociates form the apex when hyphae stop 
growing (Figure 14B). This suggests that LAH-2-GFP might be involved in growth. In 
addition, the Δlah-2 strain exhibits a significant defect in radial growth during the early 
colony stage. That is, it grows as slowly as the Δlah-1 strain for the first 24 hrs of growth 
from conidia (Figure   15). Subsequently, the growth rate of the Δlah-2 strain gradually 
increases until it grows as fast as a wild type strain after two days (Figure 15). However, 
the Δlah-2 colony appears disorganized at all times. The increasing growth rate of 
primary hyphae in the Δlah-2 strain suggests that there might be an alternative pathway 
that is developmentally regulated and can bypass LAH-2 function. On the other hand, the 
hyphae may eventually adapt to the absence of LAH-2. Taken together, these data 










Figure 14. LAH-2 is localized to the growing apical tip. Time lapse sequences of the 
wild type strain expressing LAH-2-GFP. (A) In the growing hyphae, LAH-2-GFP is 
localized at the hyphal tip. (B) In non-growing hyphae, LAH-2-GFP was moving 





























Figure 15. Comparison of the differences in growth rates over successive time 
period among different strains in N.crassa. The indicated strains were grown on race 
tubes at room temperature in dark and the average growth rates over successive time 








4.2 Genetic interaction between lah-2 and poc-7 
I decided to determine potential interacting partners of LAH-2. A recent screen 
performed in our laboratory has identified some novel proteins that are found in the 
vicinity of the septal pore. Among these proteins, POC-7 displays a localization pattern 
that is the same as LAH-2 (Figure 16A); both proteins localize to the septal pore and the 
growing hyphae apical tip. POC-7 is a novel protein and it does not contain any known 
functional domains. I sought to determine if there is any localization dependency between 
LAH-2 and POC-7. I generated two strains Δlah-2 POC-7-GFP and Δpoc-7 LAH-2-GFP 
and examined them using fluorescence microscopy. The localization of LAH-2-GFP was 
not affected in a Δpoc-7 background (Figure 16A). However, POC-7-GFP localization 
was abolished in the Δlah-2 strain. The loss of fluorescence of POC-7-GFP protein could 
be due to its instability in a Δlah-2 strain background. To test this possibility, I analyzed 
the level of POC-7-HA in wild type and Δlah-2 strains (Figure 16B). The stability of 
POC-7-HA protein was not affected in the Δlah-2 strain. Taken together, these results 
suggest that POC-7 requires LAH-2 for its recruitment to the septal pore rim and apical 
tip. However unlike LAH-2, POC-7 might not be involved in growth because the Δpoc-7 
strain does not exhibit any defect in growth. 
 
To test if other members of the POC family required LAH-2 for their localization, I 
generated Δlah-2 POC-1-GFP, Δlah-2 POC-5-GFP and Δlah-2 POC-6-GFP strains. 
Unlike POC-7, localization of POC-1, POC-5 and POC-6 to the septal pore were 
independent of LAH-2 (Figure 16C;data not shown).  This indicates that not all POC 




done a reciprocal test to determine if LAH-2 requires other POC proteins to localize to 












Figure 16. POC-7 requires LAH-2 for its localization. (A) Confocal microscopic 
images show the localization of POC7-GFP, LAH-2-GFP, △lah-2 POC-7-GFP and 
△poc-7 LAH-2-GFP strains. Bar = 5µm. (B) Equal amount of cell lysates from POC7-
HA and △lah-2 POC7-HA strains were analyzed by SDS-PAGE and immuno-blotted 
with anti-HA antibody (top). Coomassie blue staining shows that the level of total cell 
lysates added in the POC-7-HA was slightly higher than that in the lah-2△ POC-7-HA 
strain (bottom). (C) Localization of POC-1-GFP and △lah-2 POC-1-GFP imaged by 




4.3 Microtubules and nuclei in the Δlah-2 strain 
Another interesting question is how LAH-2 promotes hyphal growth. Microtubules have 
been shown to play an important role in growth (Taheri-Talesh et al., 2008). 
Microtubules by acting like tracks in the cell, carry vesicles, organelles, granules and 
chromosomes via specific attachment proteins to the growing parts of hyphae (Taheri-
Talesh et al., 2008). It has been shown that microtubules are required for the delivery of 
vesicles to the exocyst complex of growing hyphal tips (McDaniel and Roberson, 2000). 
Thus, it is possible that microtubule function is affected in Δlah-2 strain so that 
microtubules fail to carry proteins involved in growth to the hyphal tip and septal pore. 
To determine if microtubules are affected in Δlah-2 strain, β-tubulin-GFP (Freitag et al., 
2004) a microtubule marker, was transformed into both the wild type and Δlah-2 strains. 
The microtubules were able to reach the hyphal tips in both strains (Figure 17A). This 
suggests that the microtubules are functional in transporting vesicles to the exocyst 
complex. Furthermore, the microtubules in the Δlah-2 strain did not look “broken” or 
shortened when compared to those in the wild type cells and the microtubules were 
generally aligned parallel to the long axes of the hyphae in both strains (Figure 17B). 
Thus, microscopic data suggest that the structure and dynamic of microtubules were not 
affected in Δlah-2 strain. 
 
 Another possibility is that the number or distribution of nuclei is abnormal in Δlah-2 
strain, resulting in the inability of the mutant strain to efficiently transcribe sufficient 
genes necessary for growth. Using hH1-GFP as a nuclear marker (Freitag et al., 2004), I 




wild type strain. In contrast, hyphae were highly vacuolated and the nuclei were slightly 
clustered in some hyphal compartments of the Δlah-2 strain (Figure 17 C and D). 
However, it is unclear if the vacuoles in the Δlah-2 strain play a direct role in affecting 
the slight clustering of nuclei. It is probably unlikely that the clustering of nuclei is the 
main reason for the slow growth association with the early stage of N. crassa colony 
development in the Δlah-2 strain. Thus, I conclude that the slow growing phenotype in 



























Figure 17.  Microscopic studies of the microtubules and nucleus in the Δlah-2 strains. 
Wild type and Δlah-2 strains were transformed with β-tubulin-GFP (a microtubule 
marker) and observed by epifluorescence microscopy at the apical (A) and subapical 
hyphal regions (B). hH1-GFP (a nuclear marker) was transformed into both Δlah-2 and 
wild type strains and its localization was examined in the apical (C) and subapical 











4.4.1 LAH-2 is required for organized colonial growth 
In this study, I have reported the discovering of a novel N. crassa protein LAH-2 with a 
molecular mass of ~450 kDa that has a role in hyphal growth. It is localized to the septal 
pore in sub-apical hyphal region and forms a single punctate structure immediately 
beneath the rapidly growing hyphal tip (Figure 9A and 14A).  
 
In filamentous fungi, Spitzenkörper (Spk) organelle complex is involved in secretion and 
apical cell wall formation by supplying vesicles to the growing hyphal tips (Riquelme et 
al., 2007). Interestingly, the Spk has been reported in the filamentous yeast Ashbya 
gosspii to be only found in fast growing hyphae with vesicles accumulating as a spheroid 
and associated with the tip cortex (Kohli et al., 2008). Also, it has been reported that Spk 
disappears when the hyphal tips stop growing and reappears prior to growth resumption 
(Kohli et al., 2008). This is supported by data that indicate v-SNARE localizing to Spk in 
mature hyphae but not in slow growing germlings (Taheri-Talesh et al., 2008). This could 
also explain why Spk is not observed in the slow growing Candida albican buds 
(Crampin et al., 2005). Interestingly, the localization of LAH-2 to the vicinity of the Spk 
only in fast growing hyphae suggests that it might play a role with the Spk in rapid 
polarized growth. Alternatively, LAH-2 might be one of the components of the multi- 






Interestingly, lah-2 truncation or Δlah-2 strains exhibit defects in radial growth in the 
early stage of colony development and disorganized growth later in colony development. 
This implies that LAH-2 is not essential for growth and that alternative pathways might 
be present to bypass the function of LAH-2 in the hyphal tip and septum at the later stage 
of development. In addition, the stable localization of LAH-2 to the septal pore rim 




4.4.2 Why is the Δlah-2 strain highly vacuolated? 
Fungal vacuoles are known to be involved in numerous cellular functions (Klionsky et al., 
1990). For instance, vacuoles are important for pathogenesis, growth, differentiation and 
symbiosis (Veses et al., 2008). In the Pezizomycotina, the perforated septal pore allows 
continuents between adjacent hyphal compartments, which enable the rapid distribution 
of soluble nutrients. Also, it is known that tubular vacuoles and spherical vacuoles are 
able to facilitate growth by mediating long distance transport of nutrients within the 
hyphae (Veses et al., 2008). I observed that the hyphae of the Δlah-2 strain are highly 
vacuolated, suggesting a defect in transporting vacuoles to the appropriate sites for 
growth. Future work in characterizing the dynamics of vacuole movement could examine 
this possibility. Alternatively, vacuoles may reflect a secondary consequence of cellular 






4.4.3 Function of the highly conserved C-terminal end of LAH-2  
The C-terminal coiled coil domain of LAH-2 is one of the most conserved features of lah 
sequences (Figure 3A). Coiled coil domains are involved in protein-protein interaction 
and consists of two or more alpha-helical regions twisting around each other to form a 
super coil (Burkhard et al., 2001; Lupas and Gruber, 2005). In this study, I attempted to 
determine the localization and function of the highly conserved C-terminal region of 
LAH-2 by tagging the domain with GFP and also performed a series of truncations. 
However, I did not observe any localization nor distinctive phenotypes in these strains. 
Thus, I am unable to resolve the function and reason why the C-terminal of LAH-2 is 
highly conserved. Future experiments such as yeast two hybrid assays or tap-tagging 




4.4.4 Potential functions of the repeats in LAH-2 
LAH-2 contains two highly repetitive regions R2 and R3. R2 and R3 contain 33 repeats 
of the consensus sequence PEEVELPASP. In this study, I have proposed that these 
repeats are elastic in nature. This will account for the elasticity of LAH-1. However, I 
have not been able to understand the function of these repeats in LAH-2. I hypothesize 
that LAH-2 function as a tethering protein in N. crassa. In this case, LAH-2 recruits 
proteins and stabilizes them to the growing sites at the hyphal tip and at the septum. By 





4.4.5 LAH-2 and the septal pore  
In N. crassa, septal formation begins ~100-180 μm behind the hyphal apex and changes 
can be observed in the perforated septal structure with increasing age under transmission 
electron microscopy (TEM) (Hunsley and Gooday, 1974). For instance, in one day old 
mycelia, microfibrils are often visible on the surface of the septum. These microfibrils 
appear to be orientated predominantly tangentially to the central pore. In addition, some 
septa possess wider pores probably as they are still developing and the pore rim in these 
septa contain tubular structures or striations which extends from the edge of the cell wall. 
After five days, the septal pore is developed to a normal size and is usually obscured by 
an electron-dense and membrane bound apparatus which is composed mainly of glucan 
and chitin (Mahadevan and Tatum, 1967).  Also, the septum appears as two dark lamellas 
under TEM with a mean thickness of 170nm. These suggest that the formation of septal 
pore in N. crassa is a complex and multi-step processes which required multiple proteins 
to form a proper perforated septal pore. Thus, there is a possibility that a potential septal 
pore complex pathway is present to generate the septal pore in N. crassa. Hence, the 
localization of LAH-2 at the septal pore might be required for the formation of a 
functional septal pore complex. 
 
Recently, the lab has identified a family of novel proteins that localize at the septal pore. 
Among these, POC-7 exhibits the same localization pattern as LAH-2. In addition, POC-
7 requires LAH-2 for its localization to the septal pore. Unfortunately, I cannot predict 
the functions of LAH-2 and POC-7 based on their sequences. However, the localization 




suggesting that POC-7 may be a component of a multi-complex structure and involved in 
the formation of the septal pore complex. The function of LAH-2 in this case may be to 
recruit and tether proteins such as POC-7 to the septal pore.  
 
 
4.4.6 LAH-2 and its potential interacting partners at the hyphal tip 
Similar to F-actin, LAH-2 is able to associate with both the apical tip and septal pore 
(Figure 9A). Further study of the interplay between pore-associated complexes and other 
constituents of hyphae should reveal the mechanisms that coordinate and couple the 
activities of individual hyphal compartments for growth. The understanding of the 
mechanism is crucial as filamentous fungi are found widely in nature and some of them 
are pathogenic to humans and crops. By using LAH-2 to identify other players involved 
in polarized growth, I hope to understand the molecular mechanisms behind polarized 
growth and function of the septal complex.  This knowledge can be used to design and 
discover anti-fungal drugs.  
 
Polarized growth at the hyphal tip is a complex and highly regulated process that require 
synthesis and plasticity of the cell wall, transport, certain ion gradients and extension of 
the membrane (Torralba et al., 2001; Virag and Harris, 2006). Hyphal tip extension 
requires the continuous transport of vesicles from the hyphal cell body to the growing 
hyphal tip and their subsequent fusion with the apical plasma membrane resulting in its 
expansion. The current model for vesicle transportation to the hyphal tip for rapid 




using microtubules and its motor proteins (Higashitsuji et al., 2009). In S. pombe, 
microtubules are known to be required for the delivery of cell end marker proteins such 
as Tea1 and Tea4 to the cell poles. These cell polarity proteins will subsequently recruit 
other proteins such as formin which catalyze actin cable formation at the apical tip 
(Higashitsuji et al., 2009). The mechanism by which cell polarity proteins establish and 
regulate polarized growth is conserved from S. pombe to filamentous fungi such as A. 
nidulans (Fischer et al., 2008). For instance, TeaC a homologue of Tea4 in S. pombe is 
required for growth directionality in A. nidulans (Higashitsuji et al., 2009). Since both 
LAH-2 and these cell polarity proteins are found at the hyphal tip, there might be a 
possible interaction between them and LAH-2.   
 
In addition, there is evidence to show that motor proteins are required for transporting 
some of the cell polarity proteins to the hyphal apex for rapid polarized growth.  For 
instance, Kinesin-1 in A. nidulans or N. crassa exhibit defects in Spk stability and protein 
secretion (Seiler et al., 1997; Seiler et al., 1999). Also, in A. nidulans and Ustilago 
maydis (U. maydis), kinesin-3 is required for fast extension of hyphae (Fischer et al., 
2008; Schuchardt et al., 2005). 
 
Next, the vesicles are unloaded close to the hyphal tip to form a visible confined structure, 
the “Spitzenkörper” (Spk) which acts as a vesicle supply center (Riquelme et al., 2007; 
Riquelme et al., 1998). Spk is a multi-component structure composed mainly of vesicles. 
Thus, proteins associated with secretion such as the exocyst complex component Ag 




2008). The exocyst is an octameric complex and is involved in vesicle trafficking, 
exocytosis, cell migration and growth (Hala et al., 2008; Zhang et al., 2004). In addition, 
polarisome components such Spa2, Pea2 and Bni1, which are involved in organization of 
the actin skeleton and required for polarized hyphal growth, accumulate in the Spk of 
Ashbya gossypii  (Kohli et al., 2008). Thus, Spk is an important player in controlling 
hyphal tip growth in filamentous fungi and might interact with LAH-2 as mentioned 
earlier. Finally, the vesicles fuse to the membrane at the hyphal tip to promote hyphal 
extension (Horio and Oakley, 2005; Sampson and Heath, 2005; Taheri-Talesh et al., 
2008).  
 
As LAH-2 is localized to the rapidly growing hyphal tip, it suggests that LAH-2 plays an 
important role in hyphal tip growth in N. crassa. Also, LAH-2 might interact with 
components of the Spk, polarisome or the polarity proteins found at the growing hyphal 
tip. To determine if LAH-2 and other components that are required for polarized growth 
interact at the apical tip, I used MFT to insert GFP at either the N- or C-terminal region 
of several known genes that are involved in either cell polarity regulation or growth and 
observed the localization of the fusion proteins (Table 14). Presently, I have not 
identified any genes that exhibit the same localization pattern as LAH-2-GFP or POC-7-
GFP at the apical tip. More genes that are known to be involved in polarized growth 


















Known Function Positive 
Colony 
Localization 
NCU00622 TEA1 Cell polarity protein and directs growth machinery to the cell 
poles using microtoubules 
YES Apical tip and 
septal  
NCU06593 BEM1 Involved in establishing cell polarity and morphogenesis YES Septum pore 
NCU06633 POM1 Involved in localization of polarized growth and cytokinesis YES No localization 
seen 
NCU01644 KIN3 involved in cell polarity and hyphal morphogenesis NO N.A. 
NCU03115 SPA2 Component of the polarisome and functions in actin 
cytoskeletal organization 
NO N.A. 
NCU06454 CDC42 Component of the polarisome and has many diverse functions NO N.A. 
NCU06404 SEC4 Involved in polarised growth and for fusion of secretory 

















CHAPTER 5: Evolution of Woronin body tethering 
5.1 Localization of Woronin body in filamentous fungi 
5.1.1 Two patterns of Woronin body localization in filamentous fungi 
WBs are synthesized in the apical hyphal compartment and segregate into sub-apical 
compartments by tethering to the cell cortex (Liu et al., 2008; Momany et al., 2002; Tey 
et al., 2005). In most Pezizomycotina, WBs are localized close to the septal pore and at 
the hyphal tip (Figure 18A). (Markham and Collinge, 1987; Momany et al., 2002). In 
addition, the WBs are small and spherical in size. In contrast, WBs in N. crassa have a 
dispersed pattern of cortex association and are tethered randomly to the cell cortex 
(Figure 18A) (Markham and Collinge, 1987; Tey et al., 2005). Thus, there are two modes 
of WB cortex association in the Pezizomycotina. 
 
 
5.1.2 Neurospora and Sordaria recently evolved a derived pattern of WB 
localization 
 
I sought to understand the evolutionary basis for the differences in WB localization. To 
address this question, a phylogenetic tree was generated using 18S ribosomal RNA from 
fungi where WB position has been determined. The yeast Saccharomyces cerevisiae and 
Schizosaccharomyces pombe, which do not contain WBs or hex act as an outgroup (Jedd, 
2006). The result shows that only N. crassa and its close relative Sordaria fimicola (S. 
fimicola), which comprise a clade within the Sordariomycetes possess the dispersed 
pattern of cortical association while all other basal lineages possess septal-pore associated 




the ancestral mode of segregation from which the dispersed pattern found in Sordaria and 
Neurospora is derived. 
 
I hypothesized that there must be selective advantage for Neurospora and Sordaria to 
tether their WBs away from the septal pore. To examine this question, I compared the 
growth rate and hyphal diameter of N. crassa and S. fimicola with species where WBs are 
tethered directly to the septal pore (A. niger and M. grisea). Both N. crassa and S. 
fimicola have a larger hyphal diameter (Figure 19A) and faster growth rate (Figure 19B) 
when compared to A. niger and M. grisea. This suggests that the patterning of WBs 
localization is linked to the hyphal diameter and growth rate in filamentous fungi. I 
propose that Neurospora and Sordaria achieve a faster growth rate by de-localizing WBs 
from the septal pore to the adjacent cell cortex. This allows the hyphae to become bigger 
due to an increase in cytoplasmic flow and thus grow faster. In most Pezizomycotina, the 
presence of WBs tethering close to the septal pore may prevent rapid cytoplasmic flow. 
This is because if they are not tethered to the septal pore properly, a sudden increase in 



















Figure 18. The ancestral pattern of WB localization can be produced in N. crassa by 
a LAH-1 / LAH-2 fusion protein. (A) The schematic diagram summarizes the two types 
of WB localization (I and II) in apical and sub-apical compartments. WBs are 
continuously formed de novo in the apical compartment (left panels) and are inherited 
into sub-apical compartments through different modes of cell cortex association (right 
panels). (B) A phylogenetic tree is constructed based on 18S rRNA in species where WB 
localization has been determined. The arrow indicates the ancestor of the Pezizomycotina 
where WBs are presumed to have evolved from. an, Aspergillus nidulans (Momany et al., 
2002); ao, Aspergillus oryzae (Maruyama et al., 2005); cg, Chaetomium globosum 
(Rosing, 1981); mg, Magnaporthe grisea (Soundararajan et al., 2004); nc, Neurospora 
crassa (Jedd and Chua, 2000), fo, Fusarium oxysporum (Wergin, 1973); sc, 






Figure 18. The ancestral pattern of WB localization can be produced in N. crassa by 
a LAH-1/LAH-2 fusion protein. (C) The schematic diagram shows the structure of the 
lah locus and MFT produced lah-1/2 fusion. (D) Panels show the localization of the 
LAH-1/2 fusion protein (GFP) and HEX assemblies (DIC) in apical and sub-apical 
compartments. Bars = 5 µm. (E) WB function in the indicated strains was determined by 













Figure 19. Positive correlation between hyphal diameter and growth rate among 
different Pezizomycotina species. (A) Different Pezizomycotina species were grown on 
their respective medium overnight in race tubes at room temperature in the dark and the 
diameters of their main leading hyphae was measured. Data shown are the mean and 
standard deviation from thirty independent hyphae.  (B) Different Pezizomycotina 
species were grown on their respective medium for two days in race tubes at room 
temperature in the dark. The maximum growth rate for each species was measured for 44 








5.1.3 Deletion of intervening sequences in Neurospora crassa lah using MFT 
Consequently, I hypothesized that splitting of a single ancestral lah gene might creates 
two independent transcripts with different functions as demonstrated here for Neurospora 
LAH. This might result in changes in WB localization. In this case, the reunion of lah-1 
and lah-2 could recreate the ancestral pattern of WB-distribution in N. crassa. As MFT 
allows the deletion of intervening sequences, I fused different regions of the predicted lah 
locus and examined their localization using confocal microscopy. The results of the 
different phenotypes generated from the different fusion strains are shown in Table 15.  
Table 15 List of fusion strains created by MFT in N. crassa 
Strains Phenotype observed under fluorescence microscope 
LAH-1/intron 10 GFP found on apical tip and woronin bodies. WBs localize to apical hyphal. 
LAH-1/2 
GFP found on apical tip and woronin bodies. WBs localize to hyphal tip and septum 
pore. 
LAH-intron 10/2 GFP found on woronin bodies. WBs localize to apical hyphal and some septum pore. 
LAH-N/1 No GFP signal. WBs localize to apical hyphal.  
LAH-N/ intron 10 No GFP signal. WBs localize to apical hyphal.  
LAH-N/2 No GFP signal. WBs localize to apical hyphal.  
 
 
5.1.4 LAH-1/2 fusion strain exhibits ancestral localization pattern of the Woronin 
body  
 
Variations in the function of the lah could determine evolutionary changes in patterns of 
cortical association.  Specifically, I hypothesized that splitting of a single ancestral lah 
gene might have led to the derived pattern of WB-localization.  In this case, the reunion 
of lah-1 and lah-2 should recreate the ancestral pattern of WB-distribution in Neurospora. 
MFT permits this experiment – I deleted intervening sequences, fusing N-terminal 
sequences of LAH-1 with C-terminal sequences of LAH-2 to produce a single 




displays a pattern of WB-localization remarkably similar to the ancestral pattern (Figure 
18D):  HEX assemblies accumulate in the vicinity of the septal pore on both sides of the 
septum, and in a cluster immediately beneath the hyphal tip.  Both of these localization 
patterns are abolished in a wsc deletion background (Figure 20), indicating that the hybrid 
LAH engages WBs via WSC.  The LAH-1/2 expressing strain also grows slightly faster 
than the lah-1 deletion strain (Figure 15) and presents a significant reduction in tip lysis 




5.1.5 Localization of Woronin body in LAH-1/2 fusion strain depends on WSC 
Previously, I showed that LAH requires WSC to associate with the WB. This implies that 
WSC is required for proper functioning of LAH in WB biogenesis. It is therefore 
interesting to examine if WSC is required for localization of HEX assemblies in the 
LAH-1/2 fusion strain. To examine this question, I introduced the wsc deletion into the 
LAH-1/2 fusion strain. In this strain, HEX assemblies are longer localized to the apical 
tip or the septum. Instead, the HEX assemblies were found predominantly in the apical 
compartment, as they are in the Δwsc and Δlah strains (Figure 20).  I conclude that the 












Figure 20. Localization of WBs is dependent on WSC in a LAH-1/2 fusion strain. 
GFP fluorescence from the LAH-1/2 Δwsc strain can be observed at the growing hyphal 
tip and the septal pore when viewed by confocal microscopy. Apical bar = 10µm, Sub-










5.2  Magnaporthe grisea lah  
In N. crassa, I have shown that two proteins are produced independently from the lah 
locus.  LAH-1 is found at the N-terminus of lah and is localized to the WBs while LAH-2 
is located at the C-terminus of lah and is localized to the septal pore rim and apical tip.  I 
have further suggested that the ancestral lah locus encodes a single tether consisting of 
both LAH-1 and LAH-2.  Our phylogenetic and bioinfomatics studies suggested that M. 
grisea contains the ancestral lah homologue. In collaboration with Dr. Naqvii group at 
TLL I have integrated hyg-GFP into Magnaporthe grisea lah to prove that they only 
contain a single transcript.  
 
 
5.2.1 Tagging of N-terminal region of Magnaporthe grisea lah by MFT suggest a 
single tether 
 
In order for us to show that M. grisea lah consist of only a single transcript, I attempted 
to insert hyg-GFP into the non-conserved regions of N-terminal (N-LAH-GFP) and C-
terminal (C-LAH-GFP) of lah in M. grisea by MFT. hyg-GFP were integrated into non-
conserved regions of the lah gene so that it will not affect the function of LAH. I 
reasoned that if M. grisea lah is a single transcript, I would expect to observe GFP 
fluorescence to localize at WBs, septal pores and hyphal tips in both strains. Transformed 
M. grisea strains where hyg-GFP is integrated at the N-terminal region of the lah gene is 
obtained and the protein is localized to the septal pore rim and associated punctuate 
structures at the hyphal tip (Figure 21A and B).  This is in contrast with integration of 
hyg-GFP at the N-terminals region of N. crassa lah gene where the encoded protein is 




This might be because the regions I selected are not able to undergo homologous 
recombination efficiently or they might be essential for LAH function. In M. grisea, the 
WBs are too small. Thus, WBs are usually immune-gold labeled and observed using 
electron microscopy. Hence, I will not be able to observe M. grisea LAH localizing to 
WBs using fluorescence microscopy. Taken together, since N-terminus of lah is localized 
only to the WBs in N. crassa, this might suggest that M. grisea lah consists of a single 
tether. Also, the data have also proved that besides N. crassa, the MFT method can be 
used on other fungal species.  
 
 
5.2.2 Localization of Magnaporthe grisea lah in conidia and appresorium   
Unlike N. crassa conidia which are unicellular, M. grisea conidia consist of three cells 
and are packed into a spheroid structure. However, the interconnectivity between the 
three cells has not been shown previously. Since N-LAH-GFP is localized to the septum 
pore region, it can be used as a marker to examine the connectivity between the three 
cells in M. grisea conidia. Conidia of N-LAH-GFP strain are observed and the GFP 
fluorescence signal is found at the septum pore, indicating that the three cells are 
interconnected with one another (Figure 21C).  
 
In M. grisea, appresoria are seen to protrude rapidly out from germinating conidia in 
hydrophobic surfaces to invade neighboring host cells (Skamnioti and Gurr, 2007). As 
LAH-2-GFP is known to be found only at the hyphal tip that is rapidly growing in N. 




appressorium in M. grisea. Indeed when viewed by confocal microscopy, I observed that 
as the appressorium grew larger, the intensity of the GFP florescence increased in the 
region of plasma membrane (Figure 21D and E). This indicates that N-LAH-GFP is also 











Figure 21.  LAH in the M. grisea N-LAH-GFP strain may act as a single tether.  
(A) The cartoon depicts the structure of the M. grisea lah locus. Thick solid lines are 
exons and the position of MFT tag is indicated. Scale is indicated in kilobases (Kb). 
Introns are depicted as gaps.  (B) hyg-gfp was chromosomally integrated into the N-
terminus of M. grisea lah using MFT. The localization of GFP fusion proteins was 
examined using confocal microscopy. Bar = 5µm. (C) Live-cell images of the N-LAH-
GFP M. grisea conidia were taken after incubating on VN plate for 3 hrs. (D and E) 
Live-cell images of the N-LAH-GFP conidia grown on hydrophobic surfaces for 3 hrs 






5.3.1 Model for evolution of lah 
Successful clades are likely to undergo continuous adaptation associated with 
evolutionary radiation. Neurospora and its close relative Sordaria are distinguished 
among the Pezizomycotina in several aspects of hyphal organization and physiology. In 
addition to the dispersed pattern of cortical association of WBs, both species manifest 
unusually rapid growth and large hyphae (Figure 18A, B and 19). This allows for 
extensive protoplasmic streaming which may be incompatible with the septal pore 
tethering of the WB (see commentary in (Ng et al., 2009)). Also, it could provide the 
selective pressures for evolution of the derived pattern of association. Thus in this study, I 
suggested that the lah locus in Neurospora and Sordaria split into two independent 
transcripts lah-1 and lah-2 with different functions and localizations. This is supported by 
our findings that the reunion of lah-1 and lah-2 by MFT translates a lah-1/2 fusion 
protein that exhibits ancestral WB localization (Figure 18).  
 
If there is a recent splitting of lah into lah-1 and lah-2 in N. crassa, C-terminal sequences 
of the ancestral lah locus would only function in WB-tethering at the septal pore and lah-
2 should eventually be lost from the N. crassa genome. However, lah-2 is retained and its 
disruption produces distinct defects in hyphal growth (Figure 15).  Also, POC-7 requires 
LAH-2 for its localization to the septal pore (Figure 16A). Taken together, it suggests that 
there is an additional function independent of WB tethering in the ancestral lah. The 





Figure 22 presents a model for the evolution of the lah locus. I proposed a minimum of 
three events were required to evolve lah-1 and lah-2 from a single ancestral locus. These 
events include the evolution of promoter sequences for the independent production of 
lah-2. Termination sequences to define the 3’-end of lah-1 and evolution of a new cortex-
binding domain in the C-terminal region of lah-1 so that LAH-1 can associate WBs with 





























Figure 22. Model of the evolution of WB-tethering in Pezizomycotina. (A) The inset 
indicates symbols used to depict components of the LAH tether. (B) The minimal events 
associated with splitting of the ancestral lah locus are indicated. (C) Model for the septal 
pore associated WB tethering in most of the Pezizomycotina. (D) Model of the WB 
tethering in Neurospora and Sordaria. The double headed arrow indicates extensive 







5.3.2 Localization of Magnaporthe grisea LAH supports our hypothesis a single 
ancestral tether 
 
In this work, I have suggested that the ancestral lah locus in M. grisea only encodes a 
single tether (Figure 21).  In addition, by observing the localization of N-LAH-GFP, I 
have shown for the first time that the three cells of the M. grisea conidia are interlinked 
with each other and also supported the idea that LAH might be involved in the formation 
of the appressorium in M. grisea (Figures 21C and D). 
 
In this study, I was unable to obtain C-LAH-GFP in M. grisea. In the future, the C-
terminal region of M. grisea lah could be tagged at other non-conserved sites with hyg-
GFP and the strain would be predicted to have the same localization pattern as its N-
terminal counterpart. In addition, I would predict both N- and C-terminal strains to give 
same size of ~600 KDa on a western gel when tagged with hyg-ha. 
 
 
5.3.3 Function of ancestral lah 
It will be interesting to understand the function of the ancestral LAH. One question is 
whether a single tether LAH found in ancestral Pezizomycotina is sufficient for WB 
segregation in the N. crassa Δlah strain. To answer this question, M. grisea lah gene 
could be used to transform into N. crassa Δlah strain. Since M. grisea lah is large (~20 
kb), a new technology called transformation-associated recombination (TAR) cloning 
(Kouprina and Larionov, 2008) could be used to clone the M. grisea lah. By using the 





Since our studies indicate that LAH in the lah-1/2 fusion strain behaves like ancestral 
LAH, I would expect to observe similar phenotype when the M. grisea lah is transformed 
into N. crassa Δlah strain. That is, there will be only partially rescue of the “bleeding 
phenotype” and the transformed strain will grow slightly faster as compared to the N. 
crassa Δlah strain. Alternatively, I could transformed the LAH-1/2 fusion protein back 
into a M. grisea Δlah strain and would expect to observe a complete rescue of LAH 
phenotype. Thus, all these would show that the N. crassa lah has recently evolved and 
obtained new function which the ancestral lah is unable to complement.  
 
With the TAR method, I could also generate large and complex loci by integrating 
several genes to form a gigantic DNA fragment. In this way I can transform several genes 
together from a single plasmid and determine how these genes can interact and affect any 














CHAPTER 6: Biochemical analysis of WSC 
6.1 Characterization of WSC using biochemical methods  
WSC is a novel PMP22/MPV17-related membrane protein that has been identified 
recently to execute a dual function in WB morphogenesis and inheritance (Liu et al., 
2008). The wsc mutant exhibits a defect in WB localization. Unlike wild type WB which 
is localized in a dispersed manner throughout the hyphae, the nascent WBs in both of the 
wsc and the lah mutants are found predominantly in the apical region of hyphae. Below, I 
present my biochemical characterization of WSC (Liu et al., 2008). 
 
 
6.1.1 WSC interacts with Woronin bodies 
Since the wsc mutant shows defects in WB biogenesis, I decided to test if WSC directly 
associates with WBs. To this end, I tagged HA at the C-terminus of wsc and performed 
differential centrifugation using this WSC-HA strain. The Western blot result indicated 
that WSC-HA was mainly found in the pellet fraction at a low speed of 2K g and was 
exclusively detected in the pellet fractions at 20K ×g and 100K ×g (Figure 23A). The 
localization pattern of WSC-HA was similar to that of HEX (Figure 23A). Thus, the data 
suggests that WSC is associated with the dense WB organellar fractions.  
 
To further characterize the association of WSC with WB, a continuous 17-60% 
Nycodenz density gradient was set up to study the density profile of WSC. Results 
showed that WSC largely co-fractionated with HEX in dense region of the gradient that 




overlapped with thiolase, a peroxisome matrix protein marker. All together, these results 
suggest that WSC is a component of the WB and is also found in the peroxisome. 
Furthermore, the Nycodenz density gradient profile of HEX supports the previous 





























Figure 23. WSC is associated with WB. (A) WSC remains associated with WB even at 
a low centrifugation speed. A crude organellar fraction (T) from a WSC-HA expressing 
strain was separated into supernatant (S) and pellet (P) fractions following centrifugation 
at 2 K, 20 K and 100 K xg. WSC was revealed with anti-HA epitope antibodies (top) and 
HEX1 acted as a control for WB localization (bottom). (B) HEX1 and WSC co-
fractionate. Organelles were separated on a 17 – 60% Nycodenz gradient and fractions 
were probed for various organellar markers. The graph shows the shape of the gradient 
and total protein distribution across the gradient. Anti-thiolase provided a marker for the 
peroxisome matrix. The inner mitochondrial membrane protein porin revealed the 





6.1.2 WSC is detergent insoluble 
When GFP is fused to the C-terminus of WSC, the fusion protein is localized to the 
peroxisome and WB membrane (Liu et al., 2008). Proteins association with membranes 
could either be peripheral or integral membrane proteins. To determine if WSC is an 
integral membrane protein, an organellar fraction was obtained from the WSC-HA strain 
and treated with either 2M urea or 1M sodium chloride for 45 minutes on ice. The WB 
organellar fraction was obtained from centrifugation of the total lysates at a low speed 
which concentrated WBs in the pellet fraction. PORIN, an integral mitochondrial 
membrane protein was used as a positive control and found to be resistant to either 2M 
urea or 1M sodium chloride (Figure 24A). Similarly, WSC remained in the pellet fraction 
in both urea and sodium chloride treatment (Figure 24A). HEX acts as negative control 
and almost all HEX disassembled into the supernatant fraction upon treatment. Hence, 
these results suggest that WSC is a peroxisomal integral membrane protein. 
 
Interestingly, WSC-HA from the WB organellar fraction was largely resistant to 
extraction by 1% TritonX-100 (Figure 24A). This was unexpected as integral membrane 
proteins like PORIN were solubilized after 1% TritonX-100 treatment (Figure 24A). 
HEX was also found to be resistant to 1% TritonX-100 while the intra-organelle protein 
KAR2 was solubilized (Figure 24A). Thus, WSC is able to form a stable detergent 
resistant complex with HEX. I think the fact that WSC is resistant to 1% TritonX-100 
treatment is either due to the inherent properties of WSC or through WSC association 
with HEX. Fascinatingly, when WBs was treated with 2M urea, almost all HEX proteins 




(Figure 24A). This shows that urea can cause dissociation of HEX from WSC. Unlike 
HEX, KAR2 was not released into the supernatant fraction with 2M urea treatment. This 
shows that not all intra-organelle proteins are sensitive to urea treatment.  Lastly, in the 
presence of 1% TritonX-100 and 2M urea, WSC-HA was shown to be partially 
disassembled (Figure 24A). In contrast, both PORIN and KAR2 were detected in the 
supernatant. 
 
Microscopic examinations of the organellar fraction from the WSC-GFP strain were 
performed to observe the localization of WSC under the different treatment conditions. In 
1% TritonX-100, WSC-GFP still remained associated with the surface of WBs (Figure 
24B). With 2M urea treatment, WSC-GFP showed an empty shell-like structure of WSC 
as almost all the HEX disassembled into the supernatant fraction (Figure 24B). This 
indicates that WSC are able to form a WSC-WSC complex independent from HEX 
association. Lastly, under conditions that extract the membranes and HEX, WSC-GFP 
was found in bright tiny spots (Figure 24B). Collectively, these data suggest that WSC 
associates with WBs in a detergent-resistant complex whose structural integrity may be 
partly independent of HEX. 
 
 
6.1.3 MDDS analogue mutation of WSC is sensitive to detergent extraction 
Sequence analysis of wsc shows that it is related to a conserved mitochondrial inner 
membrane protein mpv17. MPV17 is a mitochondrial inner membrane protein and is 




MPV17 have been linked to certain forms of infantile hepatocerebral mitochondrial DNA 
depletion syndrome (MDDS) (Spinazzola et al., 2006). Interestingly, two out of the three 
identified mutations in human (R51Q and R51W) occur in a residue that is largely 
conserved in wsc/MPV17/PMP22 genes (Liu et al., 2008). To determine if similar 
substitution mutations in wsc cause any defects in its function, we introduced the same 
mutation (WSCR102Q and WSCR102W) into the analogous position in N. crassa wsc 
(Liu et al., 2008).  Organellar fractions from the two resulting wsc mutant strains were 
treated with either 2M urea, 1% TritonX-100 or both 2M urea and 1% TritonX-100 to 
determine their structural integrity.  Unlike WSC-HA, WSCR102Q and WSCR102W 
were partially disassembled when treated with 1% TritonX-100 (Figure 24C). 
Interestingly, the WSCR102W mutant strain exhibited a stronger defect than the 
WSCR102Q mutant strain (Figure 24C). The data is similar in human where infants with 
the R51W mutation suffer a more severe phenotype than those with the R51Q mutation 
(Spinazzola et al., 2006). In addition, MDDS-defined mutations had been shown to 
abolish WSC function in capping HEX assemblies at the peroxisome membrane and 
interfere with WSC–HEX and WSC–WSC complex assembly (Liu et al., 2008). Taken 
together, it suggests that the MDDS in the wsc homologue MPV17 might be caused by 









6.1.4 WSC complex is not associated with lipid rafts 
Lipid rafts are cholesterol and sphingolipid-enriched microdomains found in cell 
membranes (Korade and Kenworthy, 2008). Previously, it was reported that lipid rafts are 
resistant to 1% TritonX-100 treatment (Bagnat et al., 2000). Thus, the possible 
association of the WSC complex with a lipid raft might explain why WSC is resistant to 
detergent treatment. To examine whether WSC complex is associated with the lipid raft, I 
performed Optiprep density gradient centrifugation (Bagnat et al., 2000) using the WSC-
HA strain. The majority of the isolated WSC complexes were not found in lipid raft 
containing fractions (Figure 24D). This suggests that WSC complexes are detergent 
insoluble primarily because of persistent protein–protein interactions and not because of 





















Figure 24. Biochemical analysis of WB associated WSC. (A) WSC is resistant to 
Triton X-100 extraction. The WB organellar extract from the WSC-HA expressing strain 
was resuspended in buffer containing the indicated treatments and separated into pellet 
(P) and supernatant (S) fractions by centrifugation at 100 K xg for 45 mins. Porin 
provides a control of an integral membrane protein. (B) The WB organellar extract ob-
tained from the WSC–GFP expressing strain received the indicated treatments and were 
then examined by epifluorescence and DIC microscopy. Bar = 2 µm. (C) The WB 
organellar extracts obtained from the WSC–HA, WSCR50Q and WSCR50W expressing 
strains were incubated with the indicated reageants and separated into pellet (P) and 
supernatant (S) fractions after a 100 K xg centrifugation for 45 min (D) Protein lysates of 
wild-type cells expressing WSC-HA were subjected to Optiprep gradient centrifugation 
in the presence (Total + TX) or absence (Total) of 1% Triton X-100. Six fractions of 
equal volume were taken from the top (T) to bottom (B) and were separated by SDS-











6.2.1 WSC is resistant to detergent treatment  
Intriguingly, WSC is found to be insoluble in detergent and to interact with HEX (Figure 
24A and B). The HEX-WSC interaction can be dissociated with strong urea treatment 
and WSC can also self-assemble into a WSC-WSC complex (Figure 24 A and B) (Liu et 
al., 2008). Thus, it will be interesting to determine the function of the WSC-WSC 
complex and how HEX and WSC interact. Evidence of direct interaction of WSC and 
HEX has been identified previously by co-immunoprecipitation (Liu et al., 2008). 
However, the domains in WSC and HEX that are involved in their interactions are 
unknown. In order to further dissect how WSC-HEX interacts, future experiments might 
include deleting multiple regions of WSC so that the sites which WSC and HEX interact 
can be identified by using the yeast two hybrid system. Alternatively, WSC could be 
purified and its structure determined by crystallography.  
 
 
6.2.2 HEX and WSC are found in only a sub-population of peroxisomes 
It had been observed that only approximately half of the peroxisomes present in the 
apical region of hyphae contain both the WSC and HEX assemblies. Furthermore, this 
population of peroxisomes is larger than the rest. This suggests that only a subset of 
peroxisomes is involved in WB biogenesis.  
 
The existence of a sub-population of peroxisomes is well characterized.  Previously, it 




cells (Cimini et al., 1998; Luers et al., 1993; van der Klei and Veenhuis, 2006). The 
rationale for the diversity in peroxisome populations might be because the function of the 
peroxisomes is too diverse and it is probably vital for the cell to have peroxisomes 
performing different specific duties to increase their efficiency. However, I cannot rule 
out the possibility that the different populations of peroxisomes observed might be due to 
the different stages of peroxisome biogenesis. Nevertheless, it will be of interest to 
explore the likelihood that there is only a population of peroxisomes that contain some 
unspecified signals to allows HEX to enter via its PTS1- signal peptide signal. The 
differences in peroxisomal matrix pH among the peroxisomes population might account 
for the reason why HEX only targets to a sub-population of peroxisomes. This is because 
the HEX proteins might have an optimal pH for them to self-assemble to form nascent 
WB. An assay could be identified in future to show the existence of differences in pH 
among peroxisomes and that HEX is only found in a peroxisome matrix that falls in a 
certain pH range. Next, co-immunoprecipitation could be done with HEX and lysates 
from the purified peroxisome membranes to identify potential substrates that can 
specifically recognize HEX at the plasma membrane. The identified substrates must only 
localize to the peroxisomes containing both HEX and WSC.  
 
 
6.2.3 MDDS analogue mutation of WSC is non-functional 
MDDS are genetic disorders that caused a tissue specific decrease in mitochondrial DNA 
copy number which will eventually lead to organ failure in humans (Spinazzola et al., 




2009). However, MDDS is not well characterized and in approximately 80% of the cases, 
the mutant genes remain to be identified (Viscomi et al., 2009).  Recently, three families 
in Italy were found with mutations in the MPV17 gene and the infants suffered from 
hepatocerebral MDDS (Spinazzola et al., 2006).  
 
MPV17 protein is a homolog to WSC/PMP22 proteins. Interestingly, when the mutated 
sites (R51Q and R51W) of MPV17 were introduced into the analogous position in WSC 
(WSCR102Q and WSCR102W), the mutated WSC proteins become non-functional 
(Figure 24C). Also, when mutated WSC from both mutated strains (WSCR102Q and 
WSCR102W) were tagged with GFP and observed, they were not able to surround the 
WB at the peroxisome membrane (Liu et al., 2008). This indicates that a single point 
mutation at site 120 of WSC will have a deleterious effect on its function. Interestingly, 
the MPV17 homolog SYM1 in yeast suffered respiratory defects and a “petite” 
mitochondrial phenotype when the analogous position was mutated to R51Q and R51W 
(Spinazzola et al., 2006). Thus, the importance of the arginine amino acid at site 51 in 
human and yeast and site 120 in N. crassa is conserved. Future work might include 
determining how mutations of polar arginine amino acid to non-polar tryptophan and 
polar glutamine amino acids in wsc mutants (WSCR102Q and WSCR102W) at amino acid 








6.2.4 WSC is like a tetraspanin 
Bioinformatic data predicts that WSC possesses four transmembrane domains and form 
two intracellular loops with the first intracellular loop smaller than the second one. This 
suggests that the structure and function of WSC might be similar to a tetraspanin. This is 
because tetraspanins consist of a large class of membrane proteins with four 
transmembrane domains and span the membrane twice with the first extracellular loop 
smaller than the second extracellular loop (Maecker et al., 1997). In addition, comparable 
to WSC, tetraspanins are also partially resistant to TritonX-100 treatment (Yanez-Mo et 
al., 2009).  Also, some tetraspanins are known to self interact (Yanez-Mo et al., 2009). 
Members of the tetraspanins family have diverse functions and most of them are 
localized mainly to the plasma membrane. In addition, tetraspanins have low sequence 
homology but are highly conserved in their secondary and tertiary structure (Yanez-Mo et 
al., 2009). For instances, the amino acids sequences in transmembrane 1, 3 and 4 are 
highly conserved (Maecker et al., 1997; Yanez-Mo et al., 2009). However, WSC does 
not contain all of the conserved amino acid sequences. 
 
Tetraspanins are believed to behave as scaffold proteins by attaching multiple proteins to 
one area of the cell membrane (Hemler, 2005). Tetraspanins can act as scaffold proteins 
by forming tightly bound complexes which induce the clustering of numerous proteins to 
the enriched microdomains region in the cell membrane (Yanez-Mo et al., 2009). These 
proteins include integrins, signaling molecules and transmembrane receptors. This allows 
tetraspanin to act as an organizing center and display multiple functions such as cell 




WB structure might act as a scaffold to recruit other proteins to the WBs. One example is 
HEX and our laboratory has previously demonstrated that interaction between WSC and 
HEX is important for cortical association of WB (Liu et al., 2008). The other protein 
LAH-1 is shown to be required for the cortical localization of WB and the localization of 
LAH-1 to WB depends on WSC. This suggests that WSC probably act as a scaffold 
protein which recruits LAH to the WB. Unlike tetraspanins which act as scaffold proteins 
by aggregating proteins to microdomains, WSC might provide a physical platform for 
WB biogenesis associated proteins to attach. Thus, other potential interacting partners of 
WSC beside LAH-1 still remain to be identified. These proteins might function in 
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A. Anastomosis assay  
During the early examinations of the mycelium in the lah mutant, I suspected a possible 
defect in hyphal anastomosis (cell-cell fusion). This is because anastomosis mutants are 
known to be slow growing with small hyphae (Fleissner and Glass, 2007; Glass et al., 
2000). To explore this possibility, I developed a quantitative assay to determine if 
anastomosis had occurred in the Δlah strain. Briefly, two constructs were made to express 
either PTS1-RFP in the peroxisome or YFP in the cytoplasm. The linearized constructs 
were then transformed into both wild type and Δlah strains. One population of the conidia 
from the wild type or Δlah strain will be expressing PTS1-RFP and the other expressing 
YFP.  Subsequently, the conidia of the same mating type and strain are mixed together. If 
anastomosis occurs, PTS1-RFP and YFP can be found in all or a certain percentage of the 
germlings (Figure 25) and hyphae. I observed RFP and YFP signals in both wild type and 
Δlah strains after six hours or overnight, suggesting the occurrence of anastomosis in 












Figure 25. Anastomosis assay. To determine if anastomosis occurs, two populations of 
the wild type conidia from the same mating type were incubated together. One population 
was tagged with RFP-PTS1 which is localized to the peroxisomes. The other population 
was tagged with YFP and localized to the cytoplasm. RFP-PTS1 and YFP is randomly 
integrated into the genome. (A) Confocal microscopic images show that cytoplasmic YFP 
and peroxisomal RFP-PTS1 signals were found in the different wild type germlings. This 
indicates that anastomosis does not occur. This is because germlings require sufficient 
time for them to grow and undergo anastomosis with the neighboring germlings. Bar = 10 
µm. (B) If the conidia were found close together, the germlings required less time to fuse 
with its neighbors. Hence anastomosis occurs quicker with cytoplasmic YFP and 





B. Tandem repeats of Neurospora crassa lah and evolution 
Previously, it was reported that intragenic tandem repeats undergo a high frequency of 
recombination events within a gene or between a gene and a pseudogene, resulting in 
expansion or contraction of the gene size and functional variability in different strains of 
S. cerevisiae (Figure 21B) (Verstrepen et al., 2005). I reasoned that besides providing 
elasticity for the protein, the three large repeating regions found in lah might have played 
a role in lah evolution. To test this hypothesis, I amplified fragments of repeat 1, 2 and 3 
regions of lah gene in two different N. crassa strains. One strain was the commonly used 
Oak Ridge strain while the other was the Mauriceville strain. If there is a higher 
frequency of recombination events occurring in the repeat regions, I expected to obtain 
amplified fragments that differed in size between the Oak Ridge and Mauriceville strains. 
This would suggest that the amplified fragments contained recombined sequences. From 
the amplified fragments of repeat 1, 2 and 3, I found one region in repeat 1 of 
Mauriceville strain where 180 bp was absent when compared to the Oak Ridge strain 
(Figure 26A). The whole region of repeat 3 was able to be amplified and there was no 
differences between the two strains (Figure 26A). However, some regions of repeats 1 
and 2 were not able to be amplified in the Mauriceville strain. Taken together, this result 
provides preliminary evidence for recombination in the repeat sequences. This is an 
indication that high frequency of recombination events may be occurring in the tandem 
repeats of the lah gene in N. crassa. As a control, three fragments from each of the highly 
conserved N- and C-terminal of lah were used (Figure 26A). In the conserved regions, all 
the PCR fragments have the same length in both strains. The DNA sequences that have 




ecologically diverse Neurospora strains can be done in the future to determine if the 












Figure 26. Analysis of recombination events in tandem repeat regions in N.crassa 
lah. (A) Fragments of repeats 1,2 and 3 were amplified in Oak Ridge (lane 1) and 
Mauriceville (lane 2) strains of N.crassa. In repeat 1, a recombination event occurred as 
shown in No.3 where the genomic fragments size differs between the two strains. For the 
control, three fragments each from the highly conserved N- and C-terminal of lah were 
used to show that recombination events occur rarely in regions where there are no tandem 
repeats. (B)  A model to explain splicing of tandem repeats during meiotic recombination. 
(C) DNA sequences of the tandem repeat that have been spliced out. 
 
A Tether for Woronin Body Inheritance Is Associated with
Evolutionary Variation in Organelle Positioning
Seng Kah Ng, Fangfang Liu, Julian Lai, Wilson Low, Gregory Jedd*
Temasek Life Sciences Laboratory and Department of Biological Sciences, National University of Singapore, Singapore
Abstract
Eukaryotic organelles evolve to support the lifestyle of evolutionarily related organisms. In the fungi, filamentous
Ascomycetes possess dense-core organelles called Woronin bodies (WBs). These organelles originate from peroxisomes and
perform an adaptive function to seal septal pores in response to cellular wounding. Here, we identify Leashin, an organellar
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LAH-2 is localized to the hyphal apex and septal pore rim and plays a role in colonial growth. In most species, WBs are
tethered directly to the pore rim, however, Neurospora and relatives have evolved a delocalized pattern of cortex
association. Using a new method for the construction of chromosomally encoded fusion proteins, marker fusion tagging
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Introduction
Membrane bound organelles are fundamental constituents of
eukaryotic cells that execute wide-ranging functions associated
with growth and development. Some organelle functions are
ubiquitous while others are only found in evolutionarily related
organisms and perform lifestyle supporting adaptive functions.
Most of the fungi proliferate through the extension and branching
of tubular cells called hyphae. Hyphae can be divided into
compartments by cell walls known as septa and septal pores
provide a connection that allows adjacent cellular compartments
to cooperate and coordinate their activities. This syncytial cellular
architecture underlies many unique aspects of the fungal lifestyle
including rapid radial growth, the invasive growth of saprobes and
pathogens and the development of multi-cellular reproductive
structures [1]. Major groups of filamentous Basidiomycetes and
Ascomycetes have evolved distinct septal pore associated organ-
elles [2–4]. Filamentous Ascomycetes (The Pezizomycotina) are a
monophyletic group estimated to comprise 90% of Ascomycetes
and 50% of all fungal species [5] and these ecologically diverse
fungi [6,7] possess peroxisome-derived organelles called Woronin
bodies (WBs) [4,8].
WBs are centered on a self-assembled matrix protein, HEX,
and function to seal the septal pore in response to hyphal
wounding [9–12]. WB biogenesis occurs in the growing apical
hyphal compartment through a process determined in part by
apically biased hex gene expression [13]. In apical compartments
newly synthesized HEX is imported into peroxisomes via its
consensus PTS1 sorting signal and assembled de novo into
micrometer scale protein complexes [13,14]. The Woronin sorting
complex protein (WSC) envelops HEX assemblies to help them
bud from the peroxisome matrix [14]. Through physical
association with the cell cortex, these newly formed organelles
are inherited into sub-apical compartments where they are
immobilized and poised to execute their function in pore sealing
[13,15]. Cortex association also requires WSC [14], but the link
between WSC and the cell cortex remains unknown.
Organelle Inheritance by cortex association is a recurring theme
in fungal systems [16]. In the yeast Saccharomyces cerevisiae,
organelles need to be equitably partitioned between mother and
daughter cells and various organelles share a common strategy
that balances cytoskeleton dependent transport into the bud with
immobilization at the mother cell cortex. This type of mechanism
has been implicated in the segregation of mitochondria [17,18],
peroxisomes [19], and the endoplasmic reticulum [20]. The yeast
peroxisome provides an especially clear example; here the
peripheral peroxisome membrane protein Inp1 promotes cortex
association. Deletion of Inp1 results in excessive acto-myosin
dependent peroxisome transport into daughter cells while
overproduction results in aberrant immobilization and accumula-
tion of peroxisomes at the mother cell cortex [21,22]. Interestingly,
the ability of WSC to promote cortex association also depends on
its level in the membrane [14], suggesting that the accumulation of
key membrane proteins may regulate the segregation of diverse
organelles.
Within the Pezizomycotina, patterns of WB distribution vary
systematically; in most species, WBs are tethered to the septal pore
at a distance of 100 nm–200 nm and associate with the pore rim
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through a filamentous [15] and elastic [23] tether of unknown
composition. By contrast, in a group defined by Neurospora and
Sordaria, WBs occur at the cell cortex in a delocalized pattern,
suggesting that a new pattern evolved in the common ancestor of
these genera.
Results
In a screen for genes involved in WB segregation, we identified
a spontaneous mutation that behaves as a single recessive locus
and accumulates HEX assemblies in the apical compartment
(Figure 1A) and based on our functional analysis, we named this
locus leashin (lah). To assess the effect of the lah mutation on the
function of WSC, the lah mutant was transformed to express
WSC-GFP and RFP-PTS1 (A marker of the peroxisome matrix).
In the lah background, WSC envelops HEX assemblies to produce
budding intermediates similar to those observed in wild-type cells
[14], however, these accumulate and aggregate aberrantly
(Figure 1B) in the apical hyphal compartment, suggesting that
LAH functions downstream of WSC and plays a role in WB
inheritance.
lah was mapped to the left arm of chromosome I by meiotic
recombination and one cosmid carrying an ,30-kilobase gene,
NCU02793, was found to complement the lah WB segregation
defect and NCU02793 deletion results in phenotypes similar to
those observed in the original lah mutant (data not shown). The lah
gene encodes the largest predicted protein (10,821 amino acids)
found in the Neurospora genome and homologs were identified in
all sequenced genomes of the Pezizomycotina; these predicted
proteins range in size from the smallest from Aspergillus nidulans
(5,936 amino-acids) to the largest in Giberella zea (7,480 amino-acids).
Overall these proteins exhibit complex N- and C- terminal
sequences separated by poorly conserved intervening sequences
(Figure S1). Predicted Neurospora leashin is highly acidic with a
calculated charge of 21088 at neutral pH and encodes three
repetitive regions, R1, R2, and R3 (Figure 1C and 1D), which are
enriched in proline, leucine and acidic amino acids aspartic acid and
glutamic acid. Below, we present evidence showing that Neurospora
leashin actually comprises two transcription units encoding distinct
proteins, which we name Leashin-1 and Leashin-2.
To begin to dissect the function of leashin, we used homologous
recombination to introduce a stop codon at various positions of the
predicted lah gene. Numbering from the start codon, truncation at
nucleotide positions 3604, 14902 and 16981, produce defects in
WB inheritance. By contrast, truncations at 17680, 25786 and
31603 do not interfere with WB segregation and cause mild defects
in maximal hyphal growth rate (Figure 2). These data indicate that
the 59-half of the lah locus is required for WB segregation while 39-
regions are dispensable.
LAH should localize to the WB surface if it plays a direct role in
WB segregation. We next assessed localization of LAH fragments
of fused to the red fluorescent protein (RFP) and identified an N-
terminal domain encompassing amino acids 1–344 (LAH1–
344RFP) that co-localizes with WSC-GFP at the WB surface
(Figure 3A). In extracts prepared from cells expressing an HA-
epitope tagged version of this LAH fragment, the fusion protein
sediments at very low centrifugal forces, consistent with association
with the dense-core WB, but is rendered mostly soluble in extracts
prepared from a wsc deletion strain (Figure 3B), suggesting that
LAH associates with WBs via WSC. To further investigate this
interaction, we examined WSC deletion mutants; deletion of the
WSC C-terminal tail (D236–307) blocks WB segregation, but not
the envelopment of HEX assemblies and production of nascent
WBs (Figure 3C). WB localization of LAH1–344RFP is also
abolished in the WSC C-terminal deletion, further suggesting that
N-terminal sequences of LAH associate with WBs through the C-
terminus of WSC (Figure 3D).
The large size of the predicted lah gene precluded its
manipulation by standard recombinant methods. This prompted
us to develop a new method, marker fusion tagging (MFT) that
allows tagging and deletion analysis of chromosomally encoded
genes. Briefly, fusion PCR was used to generate an in-frame fusion
between the dominant selectable marker for Hygromycin
resistance (hygr) and eGFP or the 36HA epitope tag. A second
round of fusion PCR was then used to append in-frame fragments
from leashin to this central cassette. The integration of this cassette
by homologous recombination results in the production of a fusion
protein where Hygromycin resistance is engendered by the
chromosomally encoded fusion protein.
Using MFT, we integrated the hygr-gfp cassette at two positions
biased to the N- (1-GFP) and C- (2-GFP) terminus of the predicted
lah gene; both of these strains display wild-type growth and WB
segregation, indicating that the tagged proteins are functional
(Figure 2). 1-GFP is localized to the WB surface in a pattern
similar to that produced by the LAH1–344RFP protein (Figure 4A).
Surprisingly, 2-GFP does not localize to the WB, but is found at
the septal pore in sub-apical hyphae and in a single punctate
structure immediately beneath the growing hyphal tip in apical
compartments (Figure 4A), suggesting localization to the vicinity of
the Spitzenko¨rper, a vesicle supply center tightly associated with
hyphal growth [24,25]. This punctate structure detached from the
hyphal apex when hyphae stopped growing and in the largest
hyphae, a LAH-2 ring structure with a diameter of up to 1 mm was
observed (Figure 4A). Additional insertions biased to the predicted
N- and C- terminus also localized either to the WB or the septal
pore and hyphal tip (Figure 4A), further suggesting that leashin
produces two distinct polypeptides. We next inserted the HA-
epitope tag at positions 1 and 2 to estimate the size of lah encoded
proteins (Figure 4B). 1-HA identifies an ,400 kDa protein
Author Summary
In the kingdom Fungi, tubular cells called hyphae grow by
tip extension and lateral branching to produce an
interconnected multicellular syncytium and this unique
cellular architecture is especially suited to foraging, long
distance transport, and invasive growth. Major groups of
fungi have independently evolved cellular organelles that
support this form of multicellularity. Woronin bodies
evolved over 400 million years ago in the common
ancestor of filamentous Ascomycetes and perform an
adaptive function to seal pores that connect hyphal
compartments (septal pores) in response to cellular
wounding. This study identifies Leashin, a tethering
protein that promotes equitable Woronin body inheritance
by providing a link to the cell cortex. Patterns of cortex
association display systematic variation; in most of the
filamentous Ascomycetes, Woronin bodies are tethered to
the septal pore. By contrast, a delocalized pattern has
recently evolved in a group represented by Neurospora
and Sordaria. We present evidence suggesting that the
ancestral leashin gene was split into two independent
transcription units to permit this evolutionary transition.
This work is exemplary of how filamentous Ascomycetes
with well-resolved phylogenetic relationships, diverse
sequenced genomes and powerful haploid genetics
provide model systems for understanding evolutionary
innovation within a functional cellular and physiological
context.
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associated with WB enriched fractions while 2-HA encodes a
polypeptide of ,450 kDa, which can be detected in total cell
extracts (Figure 4B). Together, these data suggest that the lah locus
produces two distinct polypeptides localizing to different subcel-
lular compartments.
lah can produce two proteins by distinct mechanisms; a single
polypeptide can be post-translationally processed or alternatively,
the locus may produce two independent transcripts. To distinguish
these models, we subjected the 2-GFP strains to a second round of
insertional mutagenesis and used the Aspergillus nidulans panB gene
to insert an upstream stop codon at position 1 to produce 1-STOP,
2-GFP. If two proteins are processed from a single precursor, this
should abolish the 2-GFP signals. Alternatively, if the pore-
localized polypeptide is produced from a second transcriptional
unit, 2-GFP should persist. Consistent with the later model, 2-GFP
is readily detected at the septal pore in the presence of 1-STOP,
suggesting that the 39-end of lah encodes an independent gene
(Figure 4C). We designated these two-transcription units lah-1 and
lah-2.
We next sought to define the lah-2 promoter by fusing
overlapping fragments from the putative promoter region to the
hygr gene and assessing their ability to confer Hygromycin
resistance (Figure 5A and 5B). We assessed 7 fragments
encompassing approximately 10 KB and found one fragment
capable of engendering levels of stable Hygromycin resistant
colonies comparable to the strong ccg-1 promoter (Figure 5B) [26],
suggesting that this region contains the lah-2 promoter.
We were unable to detect lah transcripts by Northern blotting
but were able to use RT-PCR to amplify overlapping fragments
encompassing the entire lah locus (Figure S2). We confirmed all
introns predicted at the Broad Institute Neurospora crassa database
(http://www.broad.mit.edu/), and identified seven new introns
(Figure 5A and Figure S2). Six of these are in-frame with predicted
lah exons, suggesting that they do not significantly alter the
encoded polypeptide. However, splicing of Intron 10, found
immediately upstream of the lah-2 promoter sequences produces a
new reading frame and 2607 bp exon leading to a down-stream
stop codon (Figure 5A). An MFT tag introduced into this frame
decorates the WB, suggesting that these sequences encode the C-
terminus of LAH-1. Moreover, unlike the N-terminally biased
LAH-1 tag which uniformly decorates the WB (Figure 4A), the
signal from this C-terminally biased tag is enriched between the
WB and cell cortex (Figure 5C), suggesting that LAH-1 C-terminal
sequences cluster at the cell cortex.
Collectively these data show lah encodes two large polypeptides
from distinct regulatory sequences. LAH-1 is required for WB
segregation and binds WBs via WSC and requires its C-terminal
sequences for cortex association. LAH-2 and LAH-1 possess
related repetitive sequences, but LAH-2 is not required for WB
tethering and localizes in a novel pattern at both the growing
hyphal apex and septal pore. Mutations in lah-2 produce mild
defects in maximum growth rate (Figure 2). We carefully
examined the lah-2 deletion mutant and found significant defects
in radial growth early in colony establishment (Figure S3),
Figure 2. 39-sequences of lah are dispensable for WB–associated functions. Growth rate and WB–segregation were assessed in the indicated
strains. Truncations were produced at the indicated positions by integrating stop codons to the chromosome using the hygr marker under control of
the trpC promoter. The last two cartoons depicted epitope tagged versions of lah produced by marker fusion tagging. Yellow= hygr, green=GFP.
doi:10.1371/journal.pgen.1000521.g002
Figure 1. The leashin mutant is defective in Woronin body inheritance. (A) The lah mutant accumulates HEX assemblies in the apical
compartment. The distribution of HEX assemblies was quantified in apical (a) and sub-apical (sa) hyphal compartments in the indicated strains. (B)
HEX assemblies are enveloped by WSC in the lah mutant background. RFP-PTS1 reveals the peroxisome matrix and WSC-GFP reveals assembly of the
sorting complex. HEX assemblies can be seen in the DIC channel. Arrowhead points to a pair of aberrantly associated nascent WBs. Bar = 2 mm. (C) Dot
plots reveal repetitive sequences R1, R2 and R3 in the predicted LAH polypeptide. The schematic indicates conserved regions (black bars) and repeat
regions (light gray bars). Red bars indicate two predicted coiled-coil domains. (D) Alignment of repetitive sequences using Clustal W [44]. R1 contains
18 repeats centered on a core consensus sequence, LPVDEDLDLLPALPES, and R2 and R3 contain 33 repeats of the consensus sequence, PEEVELPASP.
Acidic residues are colored blue, basic residues are red, hydrophobic sequences are green and Proline is indicated in yellow.
doi:10.1371/journal.pgen.1000521.g001
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Figure 3. N-terminal sequences of LAH associate with WBs via C-terminal sequences of WSC. (A) The first 344 amino acids of LAH co-
localize with WSC at the WB surface. LAH1–344-RFP was co-expressed with WSC-GFP and visualized by confocal microscopy. Bar = 2 mm. (B) LAH1–344
association with a dense organellar fraction depends on the presence of WSC. LAH1–344-HA was expressed in wild-type and wsc mutant background
and a crude organellar fraction (T) was separated into supernatant (S) and pellet (P) fractions and the distribution of LAH1–344-HA was revealed with
anti-HA epitope antibodies. (C) C-terminal tail of WSC is required for WB-segregation but not the production of nascent WBs. HEX assembly
distribution was assessed in a strain expressing WSCDC-GFP. Inset shows the distribution of WSCDC-GFP and RFP-PTS1, which reveals the peroxisome
matrix. (D) LAH1–344 does not associate with the WB in the WSCDC-GFP expressing strain. WSCDC-GFP and LAH1–344-RFP were co-expressed and
visualized as in (A). Bar = 2 mm.
doi:10.1371/journal.pgen.1000521.g003
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suggesting that lah-2 plays an important role in colony develop-
ment.
Woronin bodies are synthesized in the apical hyphal compart-
ment and segregated into sub-apical compartments by tethering to
the cell cortex [13–15]. In most of the Pezizomycotina, mature
organelles are tethered at the septal pore [8,15]. By contrast, in
Neurospora and close relative Sordaria, WB biogenesis is not
closely associated with the hyphal tip and segregation is achieved
by a dispersed pattern of cortex association [8,13] (Figure 6A). To
better understand the evolution of these two modes of cortex
association, we used 18S ribosomal RNA to construct a
phylogenetic tree from a group of species where Woronin body
position has been determined and used the yeast Saccharomyces
cerevisiae and Schizosaccharomyces pombe, which do not contain WBs or
the hex gene [27] as outgroups. This tree produces a pattern of
relationships consistent with previous reports [6,7]. Neurospora
and Sordaria comprise a clade within the Sordariomycetes and
both possess the dispersed pattern of cortical association while all
the basal lineages possess the septal-pore associated pattern,
suggesting that septal pore tethering is the ancestral mode of
segregation (Figure 6A).
Variations in the function of the leashin could determine
evolutionary changes in patterns of cortical association. Specifi-
cally, we hypothesize that splitting of a single ancestral lah gene
might have led to the derived pattern of WB-localization. In this
case, the reunion of lah-1 and lah-2 should recreate the ancestral
pattern of WB-distribution in Neurospora. MFT permits this
experiment – we deleted intervening sequences, fusing N- terminal
sequences of LAH-1 with C-terminal sequences of LAH-2 to
produce a single chromosomally encoded polypeptide. Strains
bearing this fusion as the sole version of leashin displays a pattern of
WB-localization remarkably similar to the ancestral pattern
(Figure 6B): HEX assemblies accumulate in the vicinity of the
septal pore on both sides of the septum, and in a cluster
immediately beneath the hyphal tip. Both of these localization
patterns are abolished in a wsc deletion background (data not
shown), indicating that the hybrid Leashin engages WBs via WSC.
The LAH-1/2 expressing strain also grows slightly faster than the
Figure 5. Molecular dissection of the leashin locus; identification of the 39-end of lah-1 and lah-2 promoter. (A) The cartoon depicts the
structure of the lah locus. Thick solid lines are exons and the position of MFT tags is indicated along with their localization to either the Woronin body
(WB) or sepal pore (SP). Scale is indicated in kilobases (Kb). Introns are depicted as gaps and numbered. Introns identified in this study are marked
with an asterisk. The alternative exon derived from splicing at intron 10 is indicated as a blue bar. (B) Gray arrows depict DNA fragments that were
fused to the hygr gene and transformed to assess their ability to promote Hygromycin resistance in a stable transformation assay. The graph indicates
the transformation efficiency of these fragments compared with the strong ccg-1 promoter. Inset panels show the levels of protein expressed from
three randomly picked colonies expressing an epitope tagged version of hygr from plah-2 and pccg-1 promoter sequences. (C) An MFT tag (5-GFP) in
the alternatively spliced exon is localized to the WB with enrichment between the WB and cell cortex. Bar = 2 mm.
doi:10.1371/journal.pgen.1000521.g005
Figure 4. Marker fusion tagging (MFT) reveals distinct localization patterns of tagged versions of LAH; evidence for two
transcription units. (A) Confocal microscopy reveals distinct non-overlapping localization patterns of MFTs at position 1 and 2. 1-GFP is localized
exclusively to the WB (left panels) and 2-GFP is localized to the hyphal tip and septal pores (right panels). The inset shows 2-GFP ring structures,
which can be seen in large hyphae. Arrow indicates the WB, which is not decorated by the 2-GFP tag. Box indicates the region that is magnified in the
right most panels. Left bar = 2 mm, right bar = 5 mm. The lower cartoon summarizes results from MFT tags at positions 1, 2, 3 and 4. Yellow and green
bars represent hygr and eGFP, respectively. (B) HA epitope tags at positions 1 and 2 migrate as distinct polypeptides. 1-HA is detected in WB enriched
fractions and 2-HA can be detected in total cell extracts. Molecular size in kDa is indicated. (C) The localization of 2-GFP is impervious to introduction
of a stop codon at position 1, using the panB gene from Aspergillus nidulans as a selective marker (magenta bar). Lower panels show GFP localization
in the indicated strains. Bar = 5 mm.
doi:10.1371/journal.pgen.1000521.g004
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lah-1 deletion strain (Figure S3) and presents a significant
reduction in tip lysis induced protoplasmic bleeding (Figure 6C),
suggesting that the fusion protein is partially functional.
Discussion
Woronin body biogenesis occurs through a series of steps that
link organelle morphogenesis and inheritance. HEX self-assembles
to form the organellar core [10] and recruits WSC to the
membrane. In turn, WSC envelops HEX assemblies in the matrix
[14] and recruits LAH-1 in the cytoplasm (Figure 3). In the
absence of LAH-1, nascent WBs fail to segregate and instead
accumulate aberrantly in the apical compartment (Figure 1). Final
fission of Woronin bodies from their mother peroxisomes also fails
in the absence of LAH-1 (Figure 1B), suggesting that membrane
fission [28] occurs after cortex association.
WB biogenesis has interesting parallels with the biogenesis of
neuroendocrine dense-core secretory granules. In these organelles,
aggregates of self-assembled core proteins are believed to promote
budding from the trans-Golgi network through physical interac-
tion with the membrane (for a review, see [29]). Aggregates at the
center of dense-core secretory granules contain a complex mixture
of proteins. By contrast, WBs with comparatively simple core
composition and known membrane receptor [14] provide a
genetically amenable system to study basic principles of aggregate
promoted vesicle budding.
Neurospora LAH-1 possesses the properties expected of a
tether; an N-terminal domain sufficient for WB localization
(Figure 3) is linked to C-terminal sequences required for cell
cortex association (Figure 2) by a poorly conserved linker domain
enriched in repeat sequences (Figure S1). The central regions of
fungal LAH proteins are not conserved at the level of primary
Figure 6. The ancestral pattern of WB localization can be produced in Neurospora by a LAH-1/LAH-2 fusion protein. (A) The schematic
summarizes the two types of WB localization (I and II) in apical and sub-apical compartments. Woronin bodies are continuously formed de novo in the
apical compartment (left panels) and are inherited into sub-apical compartments through different modes of cell cortex association (right panels).
The lower panel shows a phylogenetic tree based on 18S r-RNA in species where WB localization has been determined. Arrow indicates the ancestor
of the Pezizomycotina where WBs are presumed to have evolved. an, Aspergillus nidulans [15]; ao, Aspergillus oryzae [12]; cg, Chaetomium globosum
[45]; mg, Magnaporthe grisea [11]; nc, Neurospora crassa [13], fo, Fusarium oxysporum [46]; sc, Saccharomyces cerevisiae; sp, Schizosaccharomyces
pombe; sf, Sordaria fimicola (this study). (B) The cartoon shows the structure of the lah locus and MFT produced lah-1/2 fusion. Panels show the
localization of the LAH-1/2 fusion protein (GFP) and HEX assemblies (DIC), in apical and sub-apical compartments. Bars = 5 mm. (C) Woronin body
function in the indicated strains was determined by measurement of protoplasmic bleeding.
doi:10.1371/journal.pgen.1000521.g006
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sequence, but retain a similar character; they are highly acidic and
enriched in the amino acids, PELS. Interestingly, PEVK repeats in
the vertebrate muscle protein Titin adopt a random coiled
configuration that forms an elastic filament [30]. WBs have been
manipulated using laser-tweezers and observed recoiling towards
the septum after being pulled and released [23], suggesting that
WB-tethers are also elastic. In this case the similarities between
PEVK regions of Titin and PELS regions of LAH proteins may
represent overlapping convergent solutions to the problem of
protein elasticity.
In most of the Pezizomycotina, WBs are associated with the
septal pore at a distance of 100 to 200 nm and the length of the
LAH proteins may determine the spacing between the cell cortex
and WB. The largest known protein, vertebrate Titin is 4 mega-
Daltons in size and has been purified and measured at
approximately 1 mm in length [31]. lah genes in the Pezizomyco-
tina are predicted to encode proteins between around 600 and
800 kDa and based on the size of Titin are expected to span a
distance of around 200 nm, which is in reasonable agreement with
the observed distance between WBs and the septum [15].
The presence of the WB specific genes hex [4,10], wsc [14] and
leashin in sequenced genomes of diverse members of the
Pezizomycotina and their absence from sequenced genomes of
fungi found outside this group, suggests that WBs arose in a
common ancestor of the Pezizomycotina. Adaptations that occur
at the origin of successful clades are likely to continue evolving as
the group undergoes ecological specialization and evolutionary
radiation. Neurospora and its close relative Sordaria are
distinguished from other Pezizomycotina in several aspects of
hyphal organization and physiology. In addition to the dispersed
pattern of cortical association, both manifest large vegetative
hyphae, extensive protoplasmic trafficking through septal pores
[13,32] (see Video S1 for trafficking in Sordaria fimicola) and
unusually rapid growth, which in Neurospora can exceed 1 mm/
second [33]. In nature, Neurospora occurs on burnt vegetation
soon after forest fires [34] and this ecology may explain the
evolution of rapid growth. We further speculate that extensive
protoplasmic streaming may be incompatible with WB-tethering
at the septal pore and provided a selective pressure for evolution of
the delocalized pattern of cortex association.
Our analysis suggests that three events were required to evolve
lah-1 and lah-2 from a single ancestral locus (Figure 7). These are -
evolution of promoter sequences for independent production of
lah-2, intragenic termination for the production of lah-1 and
acquisition of a new cortex-binding domain in lah-1. Splicing at
intron 10 results in an alternative exon that terminates with a stop
codon immediately upstream of the lah-2 promoter region
(Figure 5A). MFT tags in this exon are enriched between the
WB and cell cortex (Figure 5C) and this region is required for WB
inheritance (Figure 2), suggesting that C-terminal sequences of
LAH-1 constitute a new cortex-binding domain.
Tethering is a fundamental eukaryotic strategy to control and
coordinate the activities and spatial distribution of cellular
organelles. For example, in the secretory pathway tethers control
Golgi architecture and help determine the specificity of vesicle
trafficking (for reviews, see [35,36]). Tethers can also provide
stable connections between functionally related organelles allowing
for their efficient communication [37]. The Leashin tether
promotes WB inheritance and holds the organelle in position
until signals from cellular damage induce release, translocation to
the septal pore and membrane resealing. Future work focused on
these aspects of WB function should provide insights into
reversible tethering, fungal signal transduction and plasma
membrane dynamics.
Figure 7. Model for the evolution of Woronin body tethering in the Pezizomycotina. (A) Legend indicates symbols used to depict domains
of the Leashin tether. (B) The minimal events associated with splitting of the ancestral leashin locus are indicated. (C) Model for septal pore associated
WB-tethering in most of the Pezizomycotina. (D) Model of WB tethering in Neurospora and Sordaria. The double-headed arrow indicates extensive
protoplasmic streaming that can be observed in Neurospora and Sordaria (See Video S1).
doi:10.1371/journal.pgen.1000521.g007
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Materials and Methods
Culture conditions, transformation, and microscopic
methods
Vogel’s N synthetic medium was used for growth in solid and
liquid medium and for the induction of colonial growth; conidia
were grown in plating medium [38]. Neurospora crassa conidia were
transformed either by electroporation [39] or when cosmids were
transformed, by chemical transformation of spheroplasts [40].
Strains used in this study can be found in Table S1. For the
measurement of growth shown in Figure 2, Neurospora strains
were grown on solid Vogel’s medium overnight with appropriate
supplements in 25 ml pipettes used as race tubes. Maximal growth
rate was assessed after an initial period of 16 hours. Data shown
are the mean and standard deviation from three replicates.
Confocal microscopy and Woronin body quantification were
conducted as previously described [14].
For the determination of protoplasmic bleeding (Figure 6C),
strains were grown embedded in top agar containing sorbose,
which induces tip lysis and colonial growth [38]. 0.75 mg/ml of
Phyloxin dye is added to enhance the visualization of bled
protoplasm. On the third day, images were obtained at the
periphery of colonies using a stereomicroscope and the volume of
the largest 15 bleeds from each colony was calculated using
MetaVue software. A total of 225 individual hyphal bleeds were
examined for each strain.
Genetic methods
Identification and cloning of leashin. leashin was identified
in a visual screen for mutants that accumulate WBs in the apical
compartment. The original leashin mutant was spontaneous and
unmarked, thus, linkage tester strains [41] were used to map the
mutation to chromosome I and fine mapping with Caps markers
[42] localized the mutation to the vicinity of contig 7. Cosmid
clones encompassing this region were transformed into the lah
mutant and H091 D4 [43], containing the majority of NCU02793
was found to complement the lah WB-segregation defect.
Generation of DNA fragments for homologous
recombination at leashin. Fusion PCR was used to produce
integration fragments for the truncation of chromosomally
encoded leashin, and the integration of marker fusion tags
(MFTs). Two MFT cassettes consisting of in-frame fusions of
Hygr to eGFP (GJP #1851) and 36HA epitope tag (GJP #1873)
were produced using the primers found in Table S2. For the
production of fragments for integration by homologous
recombination, three fragments are initially isolated using 6
primers, 1 and 2 amplify genomic DNA correspond to the left
homologous flank, primers 3 and 4 amplify the selectable marker
and primers 5 and 6 amplify the right homologous flank.
Homologous regions were routinely designed between ,500 to
700 bp in length. These three fragments were mixed and a fusion
product was amplified using primers 1 and 6. These integration
fragments were directly transformed into conidia using
electroporation and selection at 100 mg/ml Hygromycin B.
Integration at the correct position was verified by PCR using
primers binding to DNA outside regions of homology (primers 7
and 8) and primers within the selectable marker. Because
Neurospora conidia are multinucleate, primary transformants
can be heterokaryons. Pure transformed strains were obtained
through either sexual crosses or conidiation and identified using
primers 9 and 10, which are designed to identify wild-type
chromosomal loci. All of these primers can be found in Table S3.
For leashin truncations (Figure 2), a stop codon was introduced into
primers 2 and 3 and hygr was expressed from the trpC promoter.
Leashin deletion strains (Figure 6C and Figure S3) were produced
using hygr expressed from the trpC promoter and the primers found
in Table S4. For the experiment shown in Figure 4C, we
developed the Aspergillus nidulans pan-2 homolog panB, AN1778.3,
as a heterologous marker for the selection of transformants
generated in the Neurospora pan-2 mutant background. AN1778.3
was amplified from Aspergillus nidulans genomic DNA and flanking
sequences from leashin were appended by fusion PCR and
transformed as described above and selected for pantothenate
prototrophy.
Identification of lah-2 upstream activation
sequences. We used fusion PCR to generate overlapping
genomic DNA fragments fused to the Hygr cassette. These
fragments were transformed into wild-type conidia and assessed
for their ability to produce stable Hygromycin resistant colonies.
The strong ccg-1 promoter was used as a control and primers used
to generate these fragments can be found Table S5.
Mapping leashin introns by reverse transcriptase PCR
(rt-PCR). RNA was isolated from wild type and Dlah-1, Dlah-2
deletion strain using the RNeasy Plant Mini Kit (Qiagen).
Random primers were used to generate the cDNA library from
total RNA using SuperScript lll First-strand synthesis system
(Invitrogen) according to manufacturer’s instructions. Primers
(Table S6) were designed to amplify overlapping fragments (ranges
from ,400 to 1500 bp) of the entire predicted leashin gene. Wild-
type genomic DNA served as a positive control and size differences
between cDNA and genomic DNA indicated the presence of an
intron. These fragments were cloned and sequenced to identify
spliced sequences. RT-PCR using mRNA derived from a leashin
deletion strain provided a control for primer specificity.
Plasmids
Plasmids for the expression of WSC-eGFP (GJP#1081) and
RFP-PTS1 (GJP#1406) were previously described [14]. To delete
the C-terminal tail of WSC, two Xba I site encompassing the
deleted region were created using site directed mutagenesis. The
mutated plasmid was digested with Xba I and re-ligated resulting
in the deletion of amino acids 236 to 307. To generate
pmf272::lah1–344GFP, an Xba I to Pac I fragment encompassing
the first 1032 nucleotides of leashin was inserted into pmf272 [26],
to generate pmf272::lah1–344GFP (GJP#.1812). GFP was replaced
using Eco RI and Pac I to create RFP (GJP#1898) and 36HA
(GJP#1848) tagged versions of this plasmid. Primers used for the
construction of these plasmids can be found in Table S7.
Cellular fractionation
For differential centrifugation, extracts were prepared from
frozen Neurospora powder as previously described [13]. The
lysate was passed through a 40-mm cell strainer to obtain a crude
cellular extract. This extract was centrifuged at 1006g for
2 minutes to remove cellular debris. This cleared extract was
centrifuged at 1 K6g and 10 K6g for 45 minutes and superna-
tant and pellet fractions were collected and analyzed by western
blotting (Figure 3B). For Figure 4B (2-HA), 100 ml of the frozen
Neurospora powder was added in equal volume of 26 loading
buffer (26 LB), boiled and analyzed by western blotting. For
Figure 4B (1-HA), frozen Neurospora powder were extracted in
isolation buffer (20 mM Hepes pH 6.8, 150 mM KCL) with
protease inhibitor cocktail (Roche) and a crude lysate was isolated
as described above. The lysate was centrifuged at 6 K6g for
10 minutes and this pellet was re-suspended in isolation buffer
containing 0.5% Triton X-100 (TX-100). The sample was passed
through a 5-mm filter and centrifuged at 6 K6g for 10 minutes.
The pellet was then washed twice in the same buffer using
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centrifugation at 8 K6g for 10 minutes. The final pellet, highly
enriched in Woronin bodies was dissolved in 26LB and analyzed
by western blotting.
Supporting Information
Figure S1 Sequence comparison with Dotter software [Sonn-
hammer EL, Durbin R] reveals repetitive Leashin sequences and
shows that N- and C-termini tend to be conserved while
intervening sequences are poorly conserved at the primary
sequence level. an, Aspergillus nidulans; af, Aspergillus fumigatus; cg,
Chaetomium globosum; nc, Neurospora crassa. Scale is in amino acid
residues. [Sonnhammer EL, Durbin R (1995) A dot-matrix
program with dynamic threshold control suited for genomic
DNA and protein sequence analysis. Gene 167: GC1-10.]
Found at: doi:10.1371/journal.pgen.1000521.s001 (0.77 MB TIF)
Figure S2 Analysis of leashin mRNA by RT-PCR. 73 primer
pairs were designed to amplify overlapping fragments covering the
entire predicted leashin locus. First lane: Size standard. Second
lane: RT-PCR using mRNA from a deletion of the entire
predicted lah locus provides a negative control. Third lane: RT-
PCR using Wild-type RNA as a template. Fourth lane: PCR using
wild-type genomic DNA as a template. Size differences between
lane 3 and 4 reveal introns. These fragments were cloned and
sequenced and are indicated with a bar. Newly identified introns
are marked with an asterisk. The box identifies a negative RT-
PCR reaction produced by a primer pair falling within intron 9.
Found at: doi:10.1371/journal.pgen.1000521.s002 (1.31 MB TIF)
Figure S3 Growth rate of various leashin mutants. The indicated
strains were grown on race tubes and the average growth rate over
successive time periods was calculated.
Found at: doi:10.1371/journal.pgen.1000521.s003 (0.19 MB TIF)
Table S1 Neurospora crassa strains used in this study.
Found at: doi:10.1371/journal.pgen.1000521.s004 (0.07 MB PDF)
Table S2 Primers used to construct Hyg-HA and Hyg-GFP
cassetes for MFT.
Found at: doi:10.1371/journal.pgen.1000521.s005 (0.03 MB PDF)
Table S3 Fusion PCR primers for integration of stop codons,
MFT using Hyg-GFP and Hyg-HA and introduction of Aspergillus
nidulans pan-2 ortholog AN1778.3.
Found at: doi:10.1371/journal.pgen.1000521.s006 (0.05 MB PDF)
Table S4 Primers used to construct Dlah1, Dlah2 and Dlah1,
Dlah2.
Found at: doi:10.1371/journal.pgen.1000521.s007 (0.06 MB PDF)
Table S5 Primers used to identify lah-2 promoter sequences.
Found at: doi:10.1371/journal.pgen.1000521.s008 (0.04 MB PDF)
Table S6 Primers used to map leashin by RT-PCR.
Found at: doi:10.1371/journal.pgen.1000521.s009 (0.04 MB PDF)
Table S7 Primers used to construct lah1-GFP/RFP/HA and
wsc-CD.
Found at: doi:10.1371/journal.pgen.1000521.s010 (0.06 MB PDF)
Video S1 The translocation of protoplasm in Sordaria fimicola.
This video encompasses approximately 10 seconds and shows the
streaming of protoplasm through a septal pore at approximately
0.5 cm behind the growth front. Woronin bodies immobilized at
the cell cortex are indicated with arrows.
Found at: doi:10.1371/journal.pgen.1000521.s011 (4.38 MB
MOV)
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 Introduction 
 Hyphae are the predominant mode of cellular organization in 
the fungi and, in most species, these fi lamentous cells are 
compartmentalized by perforate septa, which allow intercellular 
cooperation and communication. Woronin bodies (WBs) are 
peroxisome-related organelles that are unique to fi lamentous fungi, 
where they function to seal the septal pore in response to cellular 
wounding ( Trinci and Collinge, 1974 ;  Markham and Collinge, 
1987 ). This organelle is centered on a fungus-specifi c protein, 
HEX, which uses peroxisome-targeting signal 1 (PTS1) for 
localization to the peroxisome matrix ( Jedd and Chua, 2000 ; 
Managadze et al., 2007 ), where it self-assembles to produce a 
solid micrometer-scale protein assembly ( Jedd and Chua, 2000 ; 
 Yuan et al., 2003 ). In  hex deletion mutants ( Jedd and Chua, 2000 ; 
Tenney et al., 2000 ;  Soundararajan et al., 2004 ;  Maruyama et al., 
2005 ) or  hex mutants that disrupt self-assembly ( Yuan et al., 
2003 ), hyphae bleed protoplasm after cellular wounding and dis-
play a variety of secondary defects, including impaired invasive 
growth of the plant pathogen  Magnaporthe grisea ( Soundararajan 
et al., 2004 ). Thus, WBs provide an important adaptive function 
that supports the unique cellular architecture of the fungal hypha. 
 WBs are believed to form de novo through a process de-
termined in part by apically biased  hex gene expression ( Tey 
et al., 2005 ). In apical hyphal compartments, HEX assemblies 
nucleate and grow and associate with the matrix face of the per-
oxisomal membrane to produce budding intermediates, which 
can be observed by electron microscopy ( Brenner and Carrol, 
1968 ;  Wergin, 1973 ;  Camp, 1977 ). These structures subse-
quently associate with the cell cortex in a manner that coincides 
with septation ( Momany et al., 2002 ;  Tey et al., 2005 ), and this 
presumably allows partitioning and inheritance of the newly 
formed WB organelle. The molecular mechanisms that deter-
mine this sequence of events are currently uncharacterized. In 
contrast, a large number of mutations affecting the biogenesis 
of yeast peroxisomes and mitochondria have been isolated and, 
interestingly, mutations that affect organellar inheritance fre-
quently result in the accumulation of enlarged or morphologi-
cally abnormal organelles ( Burgess et al., 1994 ;  Sogo and Yaffe, 
1994 ;  Berger et al., 1997 ;  Fagarasanu et al., 2005 ;  Cerveny 
et al., 2007 ), which suggests that where organelles proliferate 
by growth and division, morphogenesis and segregation can 
constitute an ordered pathway. 
 We used a forward genetic screen to isolate mutants defective 
in WB biogenesis and identifi ed  Woronin sorting complex  ( wsc ), 
a PMP22/MPV17-related membrane protein that executes a dual 
function in WB morphogenesis and inheritance. In  wsc mutants, 
HEX assemblies are formed but fail to associate with the 
Woronin bodies (WBs) are dense-core organ-elles that are found exclusively in ﬁ lamentous fungi and that seal the septal pore in response 
to wounding. These organelles consist of a membrane-
bound protein matrix comprised of the HEX protein and, 
although they form from peroxisomes, their biogenesis 
is poorly understood. In  Neurospora crassa , we identify 
Woronin sorting complex (WSC), a PMP22/MPV17-
related membrane protein with dual functions in WB bio-
genesis. WSC localizes to large peroxisome membranes 
where it self-assembles into detergent-resistant oligomers 
that envelop HEX assemblies, producing asymmetrical na-
scent WBs. In a reaction requiring WSC, these structures 
are delivered to the cell cortex, which permits partitioning 
of the nascent WB and WB inheritance. Our ﬁ ndings 
suggest that WSC and HEX collaborate and control dis-
tinct aspects of WB biogenesis and that cortical associa-
tion depends on WSC, which in turn depends on HEX. 
This dependency helps order events across the organ-
ellar membrane, permitting the peroxisome to produce a 
second organelle with a distinct composition and intra-
cel lular distribution.
 Making two organelles from one: Woronin body 
biogenesis by peroxisomal protein sorting 
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however, 3 of 12 mutants were represented by only one allele 
and several essential peroxins were not recovered, which sug-
gests that this screen has not yet been saturated. We also exam-
ined several deletions of predicted peroxins not recovered from 
our screen. HEX uses a PTS1 signal for matrix localization, and 
we found that the PTS1 receptor PEX5 is required for WB bio-
genesis, whereas PEX7 and PEX20, which are associated with 
the PTS2 matrix import pathway ( Sichting et al., 2003 ), are not 
( Table I ). In summary, results from the screen show that WB bio-
genesis requires most of the fungal peroxins and the PTS1, but 
not PTS2, matrix import pathways. One mutant retains the abil-
ity to produce peroxisomes and HEX assemblies ( Table I ) and 
presents a set of phenotypes that suggest a specifi c defect in WB 
biogenesis. We designated this mutant  wsc . 
 wsc is required for WB biogenesis 
 To determine the structure of peroxisomes where HEX assem-
blies form, we examined the localization of peroxisome-targeted 
GFP (GFP-PTS1) and made time-lapse videos. In wild-type api-
cal compartments, HEX assemblies are observed as distinct re-
fractive structures ( Jedd and Chua, 2000 ) found at the periphery 
of large peroxisomes with which they move in synchrony ( Fig. 1 A 
and Video 1, available at http://www.jcb.org/cgi/content/full/
jcb.200705049/DC1). In the  wsc mutant, HEX assemblies are 
also observed in the matrix of large apical peroxisomes but here 
they move randomly within the peroxisome matrix ( Fig. 1 A and 
Video 2). This suggests that WSC is required to recruit HEX as-
semblies to the matrix face of the peroxisome membrane, from 
which they can bud off to produce the WB organelle. 
 Next, we examined the intracellular distribution of refr active 
HEX assemblies. Wild-type hyphae contain   20 HEX assem-
blies in the apical compartment and about twice as many are 
peroxisomal membrane and instead move randomly in the matrix. 
These hybrid peroxisome-WB structures also fail to associate with 
the cell cortex and, as a result, accumulate to abnormally high 
levels in the apical compartment and are not segregated into sub-
apical compartments. Here, we show that WSC assembles in the 
membrane to envelop HEX assemblies and produce asymmetri-
cal nascent WBs. WSC also determines WB inheritance via cor-
tical association. Cortical association depends critically on the level 
of membrane-associated WSC, which in turn depends on HEX. 
This dependency helps order morphogenesis and in heritance and 
permits the peroxisome to produce a derived organelle with a 
distinct function, composition, and subcellular distribution. 
 Results 
 A genetic screen identiﬁ es WB loss-of-
function mutants 
 Mutants defective in WB biogenesis were identifi ed by the visu-
alization of the protoplasmic bleeding characteristic of WB loss 
of function. In brief, wild-type  Neurospora crassa conidia were 
UV irradiated to 50% lethality, and   500,000 colonies were 
visually screened for the bleeding phenotype using a stereo-
microscope. Mutants were backcrossed and assigned into 12 com-
plementation groups using heterokaryon analysis. The majority 
of these mutants are devoid of HEX assemblies, and they accu-
mulate a peroxisomal matrix marker (GFP-PTS1) in the cytosol 
and encode homologues of genes associated with various as-
pects of peroxisome assembly ( Table I ). We identifi ed mutants in 
PEX3 and PEX16 that are involved in peroxisome membrane 
biogenesis, as well as peroxins associated with early (PEX14) 
and late (PEX1, 4, 6, 10, and 12) steps of the matrix protein import 
pathway. Multiple alleles of most of these genes were identifi ed; 
 Table I.  Results from the mutant screen 
Alleles a Protein ID b Gene c Woronin d  body 
 function
HEX d  
 assemblies
PTS1 d  
 import
Function/domains
5  NCU08118  pex1       AAA-ATPase
5  NCU02070  pex2       Zinc binding, PMP
2  NCU06175  pex3       Membrane biogenesis, PMP
1  NCU02636  pex4       Ubiquitin-conjugating protein
6  NCU08373  pex6       AAA-ATPase
6  NCU00032  pex8       Matrix protein import, PMP
2  NCU03277  pex10       Zinc binding, PMP
4  NCU05245  pex12       Zinc binding, PMP
3  NCU03901  pex14       Docking receptor, PMP
4  NCU01850  pex16       Membrane biogenesis, PMP
1  NCU08332  hex     + WB core
1  NCU07842  wsc   + + WB biogenesis
KO  NCU07662  pex7 + + + PTS2 signal receptor
KO  NCU04062  pex20 + + + PTS2 import
KO  NCU02960  pex5       PTS1 signal receptor
KO  NCU04301  pex19       PMP import receptor
KO  NCU02618  pex13       SH3 domain, PMP
 a Number of alleles obtained is indicated. KO identiﬁ es mutants obtained from the  Neurospora deletion project.
 b Neurospora gene ID ( Colot et al., 2006 ).
 c Peroxin identities according to  Sichting et al. (2003) .
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 wsc is a new member of the PMP22/
MPV17 gene family 
 The  wsc mutation was mapped by meiotic recombination and 
tightly linked to the  sc mutant on the left arm of chromosome III 
( Fig. 2 A ). To identify  wsc , cosmids encompassing this region 
were transformed into the  wsc mutant and two overlapping clones 
were found to complement the  wsc phenotype. These shared four 
predicted genes, and one of these, NCU07842.2, was capable of 
independently complementing  wsc . This gene encodes a predicted 
protein of 308 aa, which is suggested by hydropathy analysis to 
encode four transmembrane domains ( Fig. 2 B ). The  wsc mutant 
was sequenced and found to contain a 7-bp duplication that in-
duces a frame shift resulting in protein truncation at leucine 84. To 
confi rm that the  wsc mutant presents full loss-of-function pheno-
types, we deleted NCU07842.2 and found that the deletion mutant 
presents phenotypes identical to those of  wsc (unpublished data). 
 WSC is homologous to the PMP22/MPV17 family of pro-
teins, and to better understand the relationship between these 
proteins, we constructed phylogenetic trees ( Fig. 2 C ). Close  wsc 
homologues were identifi ed in all sequenced Euascomycete ge-
nomes and, in contrast, some, but not all, other fungi contained 
more distantly related homologues. This fungal group is most 
closely related to mammalian and plant PMP22 proteins. PMP22 
was originally identifi ed as an abundant PMP ( Fujiki et al., 1984 ) 
and its peroxisome targeting has been extensively studied 
( Diestelkotter and Just, 1993 ;  Pause et al., 1997 ;  Tugal et al., 
1999 ;  Brosius et al., 2002 ;  Iida et al., 2003 ;  Murphy et al., 2003 ); 
however, the function of PMP22 remains unknown. PMP22 
and, to a lesser extent, WSC are also related to the conserved mito-
chondrial inner membrane protein MPV17, which has recently 
been associated with the human mitochondrial DNA depletion 
syndrome (MDDS;  Spinazzola et al., 2006 ). 
observed in a similar subapical interval found 2 cm behind the 
growth front. In contrast, in the  wsc mutant, HEX assemblies 
are observed at approximately sevenfold higher levels in the apical 
compartment and are not observed in subapical compartments 
( Fig. 1, B and C ), which suggests that the  wsc mutant presents 
a second defect in the process of cortical association. The defect 
in segregation also accounts for the isolation of  wsc from a loss-
of-function screen, despite the mutant ’ s ability to make peroxi-
somes and HEX assemblies ( Table I ). To begin to determine the 
specifi city of the  wsc mutant ’ s effect on organellar segregation, 
we examined the spatial distribution of nuclei. In contrast to the 
abnormal distribution of HEX assemblies, nuclei show a similar 
dis tribution in wild-type and  wsc mutant hyphae ( Fig. 1 C , 
bottom), which suggests that WSC functions specifically in 
WB biogenesis. 
 The  wsc mutant presents an additional phenotype. Initially, 
 wsc colonies present wild-type growth and morphology. How-
ever, with age, they begin to present a poorly organized and 
irregular growth front (Fig. S1, available at http://www.jcb
.org/cgi/content/full/jcb.200705049/DC1). We reasoned that 
this might be because of the stochastic occlusion of septal pores 
by ectopic HEX assemblies and a consequent disruption of the 
hyphal syncytium. Consistently, microscopic examination of  wsc 
mutant hyphae revealed frequent intrahyphal hyphae (Fig. S1), 
which can occur if septal pores are sealed in undamaged hyphae. 
To determine the dependence of this phenotype on WB and per-
oxisome function, we created  wsc-  hex and  wsc-pex14 double 
mutants ( pex14 encodes a PMP essential for import of all matrix 
proteins;  Niederhoff et al., 2005 ;  Itoh and Fujiki, 2006 ). Both 
 hex and  pex14 mutants fully suppress the  wsc growth phenotype 
(Fig. S1). These observations further support the idea that WSC 
functions exclusively in WB biogenesis. 
 Figure 1.  wsc mutants are defective in WB 
maturation and inheritance.  (A) HEX assemblies 
move in concert with peroxisomes in wild-type 
hyphae (Video 1, available at http://www.jcb
.org/cgi/content/full/jcb.200705049/DC1) 
but move randomly in the matrix of  wsc mutant 
peroxisomes (Video 2). The peroxisome matrix 
is revealed by peroxisome-targeted GFP, and 
HEX assemblies are observed as character-
istic refractive structures by light microscopy. 
Arrows point to peroxisomes containing HEX 
assemblies. Bar, 1   m. A schematic of results 
obtained from time-lapse microscopy is pre-
sented below. The double-headed arrow in-
dicates random motion of the HEX assembly. 
(B) HEX assemblies accumulate in the apical 
cell of the  wsc mutant and are not observed 
in subapical compartments. Representative 
apical and subapical compartments of wild-
type and  wsc mutant hyphae viewed by light 
microscopy are shown. Arrows point to HEX 
assembly. Bar, 10   m. (C) The top shows a 
quantiﬁ cation of HEX assembly distribution 
in wild-type and mutant hyphae. The bottom 
shows the distribution of nuclei at similar posi-
tions in the hypha. Standard deviation is indi-
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and peroxisome matrix – targeted RFP (RFP-PTS1). In apical 
compartments, two types of peroxisomes were observed: abun-
dant small peroxisomes and infrequent large peroxisomes that 
usually contain HEX assemblies ( Fig. 3 ). WSC – GFP is largely 
not detected in small peroxisomes but is detected in the mem-
brane of large peroxisomes where it is enriched over budding HEX 
assemblies ( Fig. 3 A ), which suggests that these are nascent WBs. 
Line scans further show that WSC – GFP is found throughout the 
 WSC envelops HEX assemblies to produce 
nascent Woronin bodies 
 To examine the localization of WSC, we constructed HA-
epitope and GFP-tagged versions of  wsc . Both of these fully 
complement  wsc loss-of-function phenotypes when expressed 
from the  wsc promoter, which suggests that the fusion proteins 
preserve WSC function. To observe the peroxisome matrix and 
its relationship to HEX assemblies, we coexpressed WSC – GFP 
 Figure 2.  Positional cloning, phylogenetic analysis, and alignment of WSC-related sequences.  (A) The schematic shows a set of markers on the left arm 
of chromosome three. The recombination frequency between  wsc and these markers is indicated at the top. Cosmids (a – h) encompassing contig 40 were 
assessed for their ability to complement the  wsc mutant. Complementing cosmids (e and f) are drawn as solid lines and noncomplementing cosmids are 
drawn as dotted lines. Transformation with DNA fragments containing individual candidate genes identiﬁ ed NCU 07842.2 as  wsc . (B) Alignment of WSC 
and selected homologous proteins. Regions predicted to encode membrane-spanning domains are highlighted in yellow (score  > 500) and pink (score  < 
500). Identical (*), strongly conserved (:), and weakly conserved (.) residues are identiﬁ ed beneath the alignment. The arginine residue that is mutated in 
some individuals afﬂ icted with MDDS is shaded with black. (C) Phylogenetic tree showing the relationship between WSC and homologous sequences. The 
tree was constructed using MrBayes3.1.2. The scale bar indicates 0.1 substitutions. Proteins that have been shown to reside in the peroxisome are shown 
in green and those known to target to mitochondria are shown in blue. WSC and close relatives in the Euascomycetes are labeled in red. AT,  Arabidopsis 
 thaliana ; AF,  Aspergillus fumigatus ; AN,  Aspergillus nidulans ; AO,  Aspergillus oryzae ; CA,  Candida albicans ; CC,  Coprinus cinereus ; DD,  Dictyostelium 
discoideum ; DM,  Drosophila melanogaster ; GZ,  Gibberella zea ; HC,  Histoplasma capsulatum ; HS,  Homo sapiens ; KL,  Kluyveromyces lactis ; MG,  Magna-
porthe grisea ; NC,  Neurospora crassa ; OS,  Oryzae sativa ; SC,  Saccharomyces cerevisiae ; SP,  Schizosaccharomyces pombe ; SS,  Sclerotina sclerotinium ; 
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VPS1 (NCU04100.3) and DNM1 (NCU09808.3), which pro-
mote membrane constriction and fi ssion in a variety of intra-
cellular compartments including peroxisomes ( Hoepfner et al., 
2001 ;  Koch et al., 2004 ;  Kuravi et al., 2006 ), and the integral 
membrane protein FIS1 (NCU05313.3), which has been im-
plicated in the division of mitochondria ( Mozdy et al., 2000 ; 
 Hoppins et al., 2007 ) and peroxisomes ( Koch et al., 2005 ; 
 Kuravi et al., 2006 ). To assess the ability of WBs to differenti-
ate from peroxisomes, we constructed these deletions in an 
RFP-PTS1 – expressing background. Deletion of  vps1 ,  dnm1 , and 
 fi s1 resulted in signifi cant defects in hyphal growth ( Fig. 3 C ). 
However, in all three cases, the deletion strains were able to 
membrane of the nascent WB but is signifi cantly enriched in the 
membrane that envelops the budding HEX assembly ( Fig. 3 B ). 
In subapical compartments, WSC – GFP is exclusively localized 
to cortex-associated WBs and these retain only traces of RFP-PTS1 
( Fig. 3 A ), which suggests that nascent WBs undergo membrane 
fi ssion as they mature from apical into subapical compartments. 
This is consistent with time-lapse confocal microscopy showing 
membrane fi ssion occurring after the initiation of cortical asso-
ciation ( Tey et al., 2005 ). 
 To investigate the function of genes known to infl uence 
peroxisome division in other eukaryotes in this process, we de-
leted the  N. crassa homologues of the dynamin-related proteins 
 Figure 3.  WSC is localized to nascent and mature 
WBs, and effect of deletion of dynamin-related 
proteins and FIS1.  (A) WSC localizes over HEX 
assemblies in nascent WBs and surrounds HEX as-
semblies in mature WBs. WSC – GFP and RFP-PTS1 
were coexpressed and localized in apical and 
subapical compartments by laser-scanning confo-
cal microscopy. Bar, 10   m. Magniﬁ ed views of 
the region are indicated by a black square and 
shown at the right. Arrowheads point to refractive 
HEX assemblies. (B) WSC – GFP is concentrated 
over HEX assemblies in nascent WBs. Individual 
images of a single nascent WB are shown on the 
left and GFP and RFP ﬂ uorescence intensity are 
shown on the right across the indicated line. A black 
bar in the graph indicates the position of the HEX 
assembly, which can be seen in the DIC image. 
The line in the merge panel is 5.25   m. (C) Effect of 
deletion of  ﬁ s1 ,  vps1 , and  dnm1 on WB assembly. 
DIC images show refractive HEX assemblies at the 
cell cortex (arrowheads) and RFP-PTS1 reveals the 
peroxisomal matrix. Bar, 10   m. Bottom shows per-
oxisomes in the apical compartment, where   dnm1 
and   ﬁ s1 present abnormal tubular peroxisomes. 
Bar, 1   m. Radial growth for the indicated strains 
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Consistent with its localization to WBs ( Fig. 3 ), WSC-HA largely 
cofractionates with HEX into the densest region of the gradient, 
which contains only a minor fraction of total protein, and both 
WSC and HEX partly overlap with the peroxisomal matrix 
marker thiolase ( Fig. 4 A ). We next obtained an organellar 
fraction and separated this material into pellet and super-
natant fractions after extraction with various chemical treatments 
( Fig. 4 B ). Surprisingly, WSC is mostly resistant to extraction 
by 1% Triton X-100, whereas a control, the inner mitochondrial 
membrane protein porin, was solubilized by Triton X-100. 
Microscopic examination further shows that WSC remains 
associated with refractive WBs after detergent extraction ( Fig. 
4 B , right). HEX can be extracted from WBs by 2 M urea, but 
WSC – GFP remains in the pellet fraction and can be observed in 
an empty shell structure by fl uorescence microscopy. Finally, 
under conditions that extract HEX and membranes, the WSC – GFP 
is partly solubilized; however, a signifi cant amount remains in 
the pellet fraction and a compact punctate structure can be seen 
by fl uorescence microscopy. Collectively, these data suggest 
that WSC associates with WBs in a detergent-resistant complex 
whose structural integrity may be partly independent of HEX. 
 HEX determines a WSC-enriched 
peroxisomal subcompartment 
 Next, we examined the behavior of WSC in the absence of 
HEX. In contrast to its localization to the WB subcompartment 
in wild-type hyphae, in the absence of HEX, WSC – GFP local-
izes to abundant small peroxisomes that are mostly found in the 
cytosol ( Fig. 5 A ). Consistent with this localization, WSC-HA 
cofractionates with thiolase in equilibrium density centrifuga-
tion ( Fig. 5 B ). In addition, in the absence of HEX, WSC can be 
extracted from the membrane by detergent ( Fig. 5 C ). These ob-
servations suggest that in wild-type cells both the localization 
and detergent insolubility of WSC depend on HEX. 
 To determine whether large peroxisomes resembling na-
scent WBs are still present in the  hex deletion strain, we further 
examined the size distribution of apical peroxisomes, using GFP-
PTS1 – expressing strains and morphometric analysis. This anal-
ysis shows that large peroxisomes associated with WB production 
( Fig. 3 ) are absent from the  hex deletion strain ( Fig. 5 D ). Also, 
the mean intensity of GFP-PTS1 shows a similar distribution in 
both strains, further suggesting that large peroxisomes do not ac-
cumulate matrix proteins to a higher concentration than small 
peroxisomes. Collectively, these data suggest that in the absence 
of HEX, WSC is traffi cked by default to abundant small peroxi-
somes from which it is normally excluded. They further suggest 
that the matrix protein HEX is required for the differentiation of 
large WSC-enriched peroxisomes (nascent WBs). 
 WSC overproduction promotes cortical 
association in the absence of HEX 
 In the  hex deletion strain expressing WSC – GFP at endogenous 
levels, WSC is found at low but detectable levels in small peroxi-
somes and these are mostly localized to the cytosol ( Fig. 5 A ). 
WSC – GFP – containing peroxisomes were occasionally found at 
the cell cortex and these generally appeared enriched for WSC –
 GFP, which implies that WSC might be able to mediate cortex 
segregate WBs containing quantities of RFP-PTS1, comparable 
to those seen in wild-type, into subapical compartments ( Fig. 3 C ). 
These can function, as assessed by their ability to seal septal 
pores in response to cellular wounding (Fig. S2, available 
at http://www.jcb.org/cgi/content/full/jcb.200705049/DC1). 
All three mutants presented phenotypes associated with peroxi-
some morphology and WB production. Peroxisomes were aber-
rantly tubular in apical compartments of   fi s1 and   dnm1 
mutants, and in all three mutants, nascent WBs were less appar-
ent and  hex assemblies in mature WBs were generally smaller 
than those observed in the wild-type control. This was especially 
true in the   dnm1 mutant ( Fig. 3 C ). Collectively, these data 
suggest that  N. crassa DNM1, VPS1, and FIS1 have general 
functions in peroxisome metabolism and infl uence but are not 
required for the differentiation of WBs from peroxisomes. 
 WB-associated WSC is detergent insoluble 
 To further characterize the association of WSC with WBs, we 
used equilibrium density gradient centrifugation and fraction-
ated organelles obtained from a WSC-HA – expressing strain. 
 Figure 4.  Biochemical characterization of WB-associated WSC.  (A) HEX 
and WSC cofractionate. Organelles were separated on a 17 – 60% Ny-
codenz gradient and fractions were probed for various organellar markers. 
The graph shows the shape of the gradient and total protein distribution 
across the gradient. Anti-HEX and anti-HA reveal HEX and WSC and anti-
thiolase provides a marker of the peroxisome matrix. The inner mitochondrial 
membrane protein porin reveals the distribution of mitochondria. (B) WSC 
is insoluble in Triton X-100. (left) 16 KgP was resuspended in buffer con-
taining the indicated additions and then fractionated into pellet (P) and 
supernatant (S) fractions by centrifugation at 100,000  g for 45 min. Porin 
provides a control of an integral membrane protein. (right) An extract ob-
tained from the WSC – GFP – expressing strain received the indicated treat-
ments and was then examined by epiﬂ uorescence (WSC – GFP) and bright 
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 WSC self-assembles into detergent-
resistant oligomers 
 WB-associated WSC is detergent insoluble and, under normal 
conditions, the attainment of this state requires HEX ( Fig. 5 C ). 
However, it remains unclear to what extent the assembly and main-
tenance of the WSC complex requires WSC – HEX inter actions, 
WSC – WSC interactions, or a combination of these. To begin 
to assess WSC – WSC interactions, we coexpressed WSC-HA and 
WSC – GFP from the native  wsc promoter in the  hex deletion 
strain and performed immunoprecipitation experiments. After 
anti-HA precipitation, signifi cant amounts of WSC – GFP were 
coprecipitated ( Fig. 6 C ), which suggests that WSC has a ten-
dency to form oligomers in the absence of HEX. 
 To further examine WSC oligomers, we obtained a crude 
organellar fraction from the  hex deletion overproducing WSC 
association in the absence of HEX. To examine the consequences 
of elevated levels of WSC, WSC – GFP was expressed from the 
 hex promoter, which resulted in an approximately fi vefold over-
production (unpublished data). In  hex deletion hyphae ( Fig. 6 A ) 
as well as wild-type hyphae (not depicted), WSC – GFP overpro-
duction results in relocalization of peroxisomes to the cell cortex 
of subapical compartments ( Fig. 6 A ), where they are immobi-
lized and excluded from protoplasmic fl ow (Video 3, available at 
http://www.jcb.org/cgi/content/full/jcb.200705049/DC1). Over-
produced WSC – GFP also cofractionated with thiolase in equi-
librium density centrifugation ( Fig. 6 B ), which suggests that its 
peroxisomal targeting is maintained under conditions of over-
production. These results suggest that WSC has an inherent abil-
ity to promote cortical association, which depends critically on 
its level in the membrane. 
 Figure 5.  HEX controls WSC localization and the develop-
ment of large peroxisomes.  (A) The localization of WSC – GFP 
was examined in the presence (wt) and absence (  hex ) of 
HEX. In wild-type hyphae, WSC is enriched in the WB mem-
brane and is mostly excluded from abundant cytosolic per-
oxisomes. In the absence of  hex , WSC is localized to small 
cytosolic peroxisomes. Bar, 10   m. Magniﬁ ed views of the 
region are indicated by a black square and shown below. 
(B) WSC cofractionates with thiolase in the absence of HEX. 
An organellar fraction was obtained from the  hex deletion 
strain expressing WSC-HA and separated by density gradi-
ent centrifugation. The bottom (B) and top (T) of the gradient 
are indicated. (C) The detergent insolubility of WSC depends 
on HEX. An organellar fraction from wild-type and  hex dele-
tion strains was treated as indicated and fractionated into 
pellet (P) and supernatant (S) fractions by centrifugation at 
100,000  g for 45 min. (D) Large apical peroxisomes are 
no longer observed in the  hex deletion strain. GFP-PTS1 –
 expressing wild-type and  hex deletion strains were examined 
by laser-scanning confocal microscopy and peroxisome size 
was estimated using morphometric analysis as described in 
Materials and methods. Peroxisome size is plotted against 
mean GFP intensity (arbitrary units), which provides an esti-
mate of GFP-PTS1 density in the peroxisome matrix. The inset 
panels show a representative image of the indicated strains 
as well as a Western blot showing that both strains express equal 
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 We also examined the possible association of WSC com-
plexes with detergent-insoluble lipid rafts ( Bagnat et al., 2000 ) 
and found that isolated WSC complexes do not fl oat in density 
gradients that isolate lipid rafts (unpublished data), which sug-
gests that WSC complexes are detergent insoluble primarily be-
cause of persistent protein – protein interactions and not because 
of association with lipid rafts. 
 To further examine the packing of WSC, we used bi-
molecular fl uorescence complementation (BiFC;  Hu and Kerppola, 
2003 ). Expression of either half of YFP fused to WSC (WSC –
 YFP1-154 or WSC – YFP155-238) alone results in complemen-
tation of the  wsc mutant phenotypes but fails to produce YFP 
fl uorescence (unpublished data). In contrast, coexpression of 
WSC – YFP1-154 and WSC – YFP155-238 results in bright WB-
associated YFP fl uorescence ( Fig. 6 F ), which suggests that 
WB-associated WSC is assembled into a tightly packed com-
plex that allows fl uorescence complementation. 
and examined organelles by epifl uorescence microscopy. Here, 
WSC – GFP – enriched domains could readily be observed as bright 
patches of fl uorescence in the membrane of isolated peroxisomes. 
These structures varied in size and could be as many as several 
hundred nanometers in diameter ( Fig. 6 D ). In the presence of 
detergent, spherical peroxisomal profi les were lost but a heter-
ogeneously sized population of WSC – GFP complexes per-
sisted ( Fig. 6 D ). These complexes were further characterized 
by density gradient centrifugation where WSC complexes sediment 
to densities higher than the peroxisomes from which they are 
isolated ( Fig. 6 , compare  B and E ), whereas two controls, the 
peroxisome matrix marker thiolase and transmembrane protein 
porin, were solubilized and remained at the top of the gradient 
( Fig. 6 E ). As an additional control we examined the PMP 
PEX14. In contrast to WSC, PEX14 remains at the top of the 
density gradient after detergent extraction, which suggests 
that the behavior of WSC is not a general feature of PMPs. 
 Figure 6.  WSC overproduction promotes cortical association in 
the absence of HEX.  (A) WSC can target peroxisomes to the cell 
cortex in the absence of  hex . WSC – GFP was overproduced from 
the strong  hex promoter (WSC op). Bar, 10   m. Magniﬁ ed views 
of the region are indicated by a black square and shown below. 
(B) Overproduced WSC – GFP cofractionates with thiolase. Frac-
tionation was done as described for  Fig. 4 A . The bottom (B) and 
top (T) of the gradient are indicated. (C) WSC is in oligomers. 
WSC-HA and WSC – GFP were coexpressed or WSC – GFP was 
expressed alone in the  wsc deletion strain. Detergent extracts 
from these strains were precipitated with anti-HA, and Western 
blotting with anti-GFP reveals the degree of WSC – GFP co-
precipitation. WSC – GFP alone provides a control for the speciﬁ city 
of anti-HA precipitation. (D) Peroxisomes from the  hex deletion 
(  hex ) overproducing WSC – GFP contain detergent-insoluble 
WSC – GFP – enriched membrane domains. An organellar fraction 
from the indicated strain was examined by epiﬂ uorescence mi-
croscopy in the absence (buffer) and presence (1% TX-100) of 
detergent. Bar, 1   m. (E) Detergent-insoluble WSC – GFP complexes 
sediment to densities higher than the peroxisomes in which they 
form (compare with B). The organellar fraction was treated with 
1% Triton X-100 and separated as described in  Fig. 6 B . Porin 
and thiolase provide controls for detergent extraction and, in a 
separate experiment, PEX14-GFP reveals the behavior of another 
PMP (bottom). The bottom and top of the gradient are indicated. 
(F) The WSC complex promotes BiFC. The indicated constructs 
were coexpressed in the  wsc mutant background and the result-
ing strain was examined for YFP ﬂ uorescence. Arrows point to 
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gradients. After detergent extraction, the R102W mutant displays 
a sedimentation pattern similar to WSC; however, when we used 
a buffer that favors disassembly of the WSC complex, the R102W 
mutant showed a greater tendency to disassemble and was sig-
nifi cantly shifted to less dense regions of the gradient compared 
with wild-type WSC ( Fig. 8 E ). Collectively, these data show 
that MDDS-defi ned mutations abolish WSC function and inter-
fere with WSC – HEX and WSC – WSC complex assembly. 
 Discussion 
 Peroxisomes proliferate through the division of preexistent 
peroxisomes ( Titorenko and Rachubinski, 2001 ;  Schrader and 
 Next, we investigated the assembly of WSC in yeast. 
Here, WSC – GFP is localized to punctate structures that co-
localize with RFP-PTS1 ( Fig. 7 A ), which suggests that WSC 
is targeted to the yeast peroxisome. However, WSC-expressing 
cells contain signifi cantly fewer peroxisomes compared with 
empty vector controls ( Fig. 7 B ) and also tend to accumulate 
the RFP-PTS1 marker in the cytosol ( Fig. 7 A ). The peroxisome-
inhibitory effect of WSC did not allow us to use the yeast system 
to investigate the physical association of WSC and HEX (see next 
section). However, WSC-expressing strains did allow a further 
examination of requirements for WSC complex assembly. In ex-
tracts prepared from yeast, WSC is also found in detergent-
insoluble complexes ( Fig. 7, C and D ), which have a similar 
behavior in density gradients to those isolated from  N. crassa 
(compare  Figs. 6 and 7 ). This further suggests that WSC can self-
assemble not only in the absence of HEX but also in the absence 
of other WB-associated functions. 
 MDDS-causing mutations also abolish 
WSC function and complex assembly 
 The  wsc homologue  MPV17 is mutated in certain forms of in-
fantile hepatocerebral MDDS, and two of three identifi ed muta-
tions, R51Q and R51W ( Spinazzola et al., 2006 ), occur in a 
residue that is largely conserved in  wsc/MPV17/PMP22 genes 
( Fig. 2 B ). We introduced these into the analogous position in 
genomic  wsc and targeted wild-type and mutant versions to the 
 his-3 locus ( Aramayo and Metzenberg, 1996 ) to ensure equal 
levels of gene expression. 
 When these mutations are introduced into the yeast 
 MPV17 orthologue  SYM1 , R51Q produces a partially functional 
protein and R51W destroys Sym1p function ( Spinazzola et al., 
2006 ). These mutations debilitate WSC function in a similar 
manner.  wscR102Q produces a partial defect in WB inheritance, 
whereas  wscR102W displays a near total defect ( Fig. 8 A ). 
Both mutants are targeted to the membrane of HEX assembly –
 containing peroxisomes and in keeping with their degree of loss 
of function,  wscR102Q shows a slight defect in association with 
HEX assemblies, whereas  wscR102W is almost totally defec-
tive in the production of asymmetrical nascent WBs and is 
found uniformly localized in the membrane ( Fig. 8 B ). 
 WSC is required to recruit HEX assemblies to the matrix 
face of the peroxisomal membrane ( Fig. 1 ), where it envelops 
them in a WSC-enriched membrane domain ( Fig. 3 ). To obtain 
evidence for the physical association between WSC and HEX 
and to further dissect the defect engendered by the R102W 
mutation, we immunoprecipitated WSC-HA from detergent-
treated extracts and examined the coprecipitation of HEX. 
Wild-type WSC is coprecipitated with HEX, and the R102W 
mutation produces a clear defect in this association ( Fig. 8 C ), 
which suggests that defects in the production of nascent WBs 
are, at least in part, caused by a defect in the formation of a 
WSC – HEX complex. Next, we examined the effect of the 
R102W mutation on the WSC – WSC interaction and found that 
the R102W mutation produces a moderate but reproducible de-
fect in WSC coprecipitation when compared with wild-type WSC 
( Fig. 8 D ). To further assess self-assembly, we compared the 
behavior of wild-type and mutant WSC complexes in density 
 Figure 7.  WSC forms detergent-resistant complexes in the yeast peroxi-
some and also inhibits peroxisome biogenesis.  (A) Yeast were transformed 
with an RFP-PTS1 – expressing plasmid to reveal peroxisomes and then 
transformed with an empty plasmid (  WSC) or a WSC – GFP – expressing 
plasmid (+WSC). Bar, 5   m. (B) The effect of WSC on peroxisome num-
bers was quantiﬁ ed by counting punctate signal from RFP-PTS1 in the indi-
cated strains. 64 cells were counted for each strain. (C) WSC – GFP forms 
detergent-insoluble complexes in yeast. Examination of peroxisomes by 
ﬂ uorescence microscopy in the absence (buffer) and presence (1% TX-100) 
of detergent was conducted as described in  Fig. 6 D . Bar, 1   m. Panels 
presented in this ﬁ gure were enlarged using the scaling function in Photoshop 
software. (D) Fractionation by density gradient centrifugation of extracts 
prepared from WSC – GFP – expressing yeast was done as described in  Fig. 6 E 
in the absence (top) and presence (TX-100) of detergent. The bottom (B) 
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to control distinct steps in WB biogenesis. In the early stages, 
the development of large peroxisomes containing WSC de-
pends on HEX, whereas in the later steps, the production of 
asymmetrical nascent WBs and their delivery to the cell cortex 
depend on WSC. WSC can form membrane-associated oligo-
mers in the absence of HEX ( Fig. 6 D ); however, these are smaller 
than those formed in the presence of HEX ( Fig. 3 ) and do not 
take the form of budding profi les. Thus, under normal conditions, 
WSC self-assembly appears to be patterned by HEX oligomers. 
 In the absence of HEX, peroxisomes containing low 
levels of WSC mostly fail to associate with the cortex ( Fig. 5 A ). 
In contrast, WSC overproduction results in the relocalization of 
WSC-enriched peroxisomes to the cortex ( Fig. 6 A and Video 3). 
This suggests that cortical association requires a threshold level of 
Fahimi, 2006 ;  Motley and Hettema, 2007 ) and a growing body 
of evidence suggests that they can also form de novo from ER-
derived precursors ( Hoepfner et al., 2005 ;  Tam et al., 2005 ; 
 Kim et al., 2006 ;  Titorenko and Mullen, 2006 ;  Motley and 
Hettema, 2007 ). Mature peroxisomes are largely homogenous 
in a given cell type, and where they display specialized functions, 
e.g., in different types of plant peroxisomes, the distinction ap-
pears to be mediated by tissue-specifi c gene expression ( Olsen 
et al., 1993 ;  Nishimura et al., 1996 ). In this paper, we show that 
fungal peroxisomes engender WBs through a process that cou-
ples the self-assembly of HEX in the matrix with the assembly 
of WSC in the membrane ( Fig. 9 ). This ultimately results in the 
production of two peroxisomal compartments, which are distinct 
in function and subcellular localization. HEX and WSC appear 
 Figure 8.  MDDS-causing point mutations abolish WSC function and complex assembly.  (A) The  wsc deletion mutant was complemented with the indicated 
version of  wsc – gfp and the distribution of HEX assemblies was quantiﬁ ed in apical and subapical compartments. Standard deviation is shown. These 
mutants do not dramatically alter steady-state levels of protein as revealed by a Western blot of extracts from the indicated strains (inset). (B) Capping is 
abolished by the R102W mutation. The indicated versions of WSC – GFP were localized using laser-scanning confocal microscopy. RFP-PTS1 reveals the 
peroxisome matrix. Arrow points to weak capping occasionally observed in the R102W mutant. Bar, 5   m. (C) Evidence that WSC and HEX physically 
interact and effect of the R102W mutation on this interaction. Detergent extracts were prepared from strains expressing WSC-HA or WSC-R102W-HA 
from the native  wsc promoter and anti-HA antibodies were used to precipitate WSC. Anti-HEX antibodies reveal the degree of HEX coprecipitation. 
(D) The R102W mutation affects WSC – WSC interaction. Extracts obtained from strains expressing the indicated versions of WSC were examined for WSC 
coprecipitation as described in  Fig. 6 C . (E) Aberrant WSC – WSC complexes in the R102W mutant. Extracts were prepared from the indicated strains, 
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to very early ER-associated compartments, whereas others are 
targeted to late peroxisomal compartments and this requires 
additional layers of regulation, which are poorly understood 
( Heiland and Erdmann, 2005 ;  Titorenko and Mullen, 2006 ). 
Pmp22 does not appear to defi ne a subset of plant ( Murphy 
et al., 2003 ) or mammalian ( Brosius et al., 2002 ;  Iida et al., 2003 ) 
peroxisomes. In contrast, WSC is preferentially localized to 
HEX-containing peroxisomes ( Figs. 3 and 5 A ). Moreover, the 
deletion of  hex results in the localization of WSC to abundant 
small peroxisomes, from which it is normally excluded ( Fig. 5 A ), 
and the loss of large peroxisomes. This implies that the matrix 
protein HEX controls both peroxisome size and the membrane 
targeting of WSC. 
 How might this control be exerted? We speculate that a 
stochastic process, e.g., the intraperoxisomal nucleation of HEX 
oligomers, favors the subsequent growth of these peroxisomes, 
possibly through a feedback mechanism, to produce nascent 
WBs. In the fungus  Yarrowia lipolytica , the density of the ma-
trix protein acyl – CoA oxidase controls peroxisome division 
( Guo et al., 2003 ) and this provides another example of a matrix 
protein controlling peroxisomal fate. Peroxisomal matrix pro-
teins are often assembled in the cytosol and imported into per-
oxisomes as oligomers ( Leon et al., 2006 ). It will be interesting 
to investigate whether HEX is also imported in an oligomeric 
form. In this case, association with nascent WSC could provide 
one mechanism for HEX to control WSC membrane targeting. 
 WBs in   dnm1 ,   vps1 , and   fi s1 mutants are functional 
and do not contain excessive quantities of RFP-PTS1 ( Fig. 3 C ), 
which suggests that they are differentiating and segregating 
from peroxisomes in a relatively normal manner.   dnm1 ,   vps1 , 
and   fi s1 mutants have effects on WB biogenesis; however, 
it remains unclear whether these refl ect a primary function or a 
secondary consequence of impaired hyphal growth or effects on 
upstream events in peroxisome biogenesis. Surprisingly, none 
of these mutants contained obviously reduced peroxisome num-
bers or abnormally enlarged spherical peroxisomes like those 
observed in yeast ( Hoepfner et al., 2001 ;  Kuravi et al., 2006 ). 
Instead, the   dnm1 and   fi s1 mutants develop networks of tu-
bular peroxisomes similar to those observed after knockdown of 
their mammalian counterparts, DLP1 ( Koch et al., 2004 ) and 
hFis1 ( Koch et al., 2005 ). This suggests that  N. crassa peroxi-
somes may bear more similarity to their mammalian counter-
parts than to their yeast counterparts. 
 HEX assemblies in nascent WBs can be almost fully sur-
rounded by the WSC complex and this results in constriction of 
the membrane connecting the two halves of the nascent structure 
( Fig. 8 B , wt).   vps1 and   dnm1 mutants each impair hyphal 
growth, which suggests that they cannot functionally substitute 
for one another. However, it remains possible that they can both 
promote fi ssion of nascent WBs with equal effi cacy. Alternatively, 
or in addition, the nascent structure may be partitioned through 
a mechanism where cortical association counteracts cytoskeleton-
mediated forces that allow the organelle to be pulled apart. 
This is consistent with time-lapse video microscopy that shows 
the fission of the nascent WB occurring after the onset of 
cortical association (see Video 1 of  Tey et al., [2005] , at 
http://www.molbiolcell.org/cgi/content/full/E04-10-0937/DC2). 
membrane-associated WSC and, further, implies that under 
normal conditions, the interaction between HEX assemblies and 
WSC orders WB biogenesis by making the process of cortical 
association dependent on the assembly of HEX ( Fig. 9 ). 
 Several fi ndings demonstrate the functional and physical 
association of HEX assemblies and WSC. First, in wild-type 
hyphae, HEX assemblies are found at the peroxisome periphery 
in budding intermediates (Video 1). In contrast, in the absence 
of WSC, these fail to associate with the peroxisome membrane 
and move randomly in the matrix (Video 2). Second, WSC is 
localized to HEX assembly – containing peroxisomes and this 
localization depends on HEX ( Figs. 3 and 5 ). Third, HEX can 
be found in a complex with WSC ( Figs. 4 and 8 C ). Fourth, The 
MDDS-derived mutants result in loss-of-function phenotypes 
( Fig. 8 A ), which are correlated with defects in the formation of 
asymmetrical nascent WBs ( Fig. 8 B ) and interaction between 
WSC and HEX ( Fig. 8 C ). The fi nding that MDDS-defi ned mu-
tations also interfere with WSC function with a similar allelic 
specifi city to their effects on Sym1p further suggests that mem-
bers of this gene family conserve a similar mode of function. 
 In yeast, WSC also assembles into peroxisome-associated 
detergent-insoluble complexes, but here, it inhibits peroxisome 
proliferation and matrix protein import ( Fig. 7 ). This effect 
might be achieved through a form of membrane occlusion where 
tightly woven WSC complexes restrict the activity or access of 
other PMPs. In principle, membrane occlusion by WSC com-
plexes may also provide a mechanism to exclude peroxisomal 
functions from the WB membrane. This is consistent with the re-
cent fi nding that two components of the matrix import pathway, 
PEX13 and PEX14, are largely excluded from a WB-enriched 
fraction ( Managadze et al., 2007 ). 
 The WSC homologue Pmp22 has been characterized in 
plant ( Tugal et al., 1999 ;  Murphy et al., 2003 ) and animal systems 
( Diestelkotter and Just, 1993 ;  Pause et al., 1997 ;  Brosius et al., 
2002 ;  Iida et al., 2003 ). Like other PMPs, Pmp22 is targeted to the 
membrane posttranslationally ( Fujiki et al., 1984 ;  Diestelkotter 
and Just, 1993 ) through the PMP chaperone/import receptor Pex19p 
( Brosius et al., 2002 ;  Shibata et al., 2004 ). PMPs are targeted to 
different peroxisome-related compartments. Some are targeted 
 Figure 9.  Model of WB biogenesis. HEX self-assembles (double-headed 
arrow) in the peroxisome matrix and is recruited to the matrix face of the 
peroxisome membrane by interaction with WSC. A combination of WSC –
 WSC and HEX – WSC interactions concentrate WSC in the membrane and 
promote the production of asymmetrical nascent WBs. WSC complexes can 
then trigger cortical association, which allows partitioning of the nascent 
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regional markers were selected and used for ﬁ ne mapping. To identify 
the  wsc gene, we transformed cosmid clones ( Kelkar et al., 2001 ) encom-
passing the closely linked  sc marker and identiﬁ ed H122 C5 and H004 
G10 clones as  wsc -complementing fragments. PCR was used to amplify 
genomic fragments encompassing  wsc candidates, and NCU07842.2 
was found to fully complement  wsc mutant phenotypes. 
 Mutant characterization 
 To obtain the results shown in  Table I , representatives from each comple-
mentation group were examined for the presence of HEX assemblies using 
light microscopy, and transformation with the GFP-PTS1 marker ( Tey et al., 
2005 ) was used to visualize peroxisomes. WB function was assessed as 
previously described ( Jedd and Chua, 2000 ). 
 To count HEX assemblies, the indicated strains were grown on 
Vogel ’ s solid medium with appropriate supplements, and blocks of agar 
were excised and transferred to a microscope slide. The largest hyphae 
were selected and all HEX assemblies in a single ﬁ eld were counted. At a 
magniﬁ cation of 1,000, the ﬁ eld of view has a diameter of 200   m, and 
this was used to standardize the length of the hypha that were counted. To 
examine the apical compartment, the hyphal tip was placed at the edge of 
the ﬁ eld of view. Subapical compartments were examined   2 cm behind 
the growth front. To count nuclei, mutant and wild-type strains expressing a 
nucleus-targeted GFP ( Freitag et al., 2004 ) were examined. In this case, 
apical and subapical compartments were photographed and nuclei in a 
region corresponding to 200   m 2 were counted. The data shown are the 
mean of at least ten measurements. 
 Biochemical methods 
 Mycelium was grown in Vogel ’ s liquid medium with the appropriate sup-
plements and harvested by ﬁ ltration through Miracloth (EMD). The myce-
lium was quickly washed with ice-cold water, and excess liquid was 
removed by sandwiching the mycelium between several layers of paper 
towels. The pancake of mycelium was then frozen and ground to a powder 
in liquid nitrogen using a mortar and pestle. To prepare extracts, this fro-
zen powder was resuspended in buffer containing 2 mM PMSF and a pro-
tease inhibitor cocktail (Roche). This lysate was applied to a 50-  m cell 
strainer and centrifuged at 1,000  g for 2 min to remove hyphae and ob-
tain a crude cellular extract. The pellet and supernatant from this step 
were mixed and centrifuged at 100  g for 2 min to remove cellular debris. 
For density gradient centrifugation, the extract was prepared in buffer H 
(20 mM Hepes, pH 6.8, 200 mM Sorbitol, 50 mM potassium acetate, and 
1 mM MgCl 2 ) or buffer N (10 mM Tris-Hcl, pH 7.4, 150 mM NaCl, and 
1 mM MgCl 2 ) and centrifuged at 16,000  g for 45 min to obtain an organel-
lar pellet (16 KgP), and this was resuspended in fresh buffer and applied 
to a preformed 17 – 60% Nycodenz gradient (Gentaur Inc.) prepared in the 
same buffer and centrifuged in a swinging bucket rotor (SW41; Beckman 
Coulter) at 27,000 rpm for 7 h at 4 ° C. For detergent extraction, Triton X-100 
was added to the resuspended organellar pellet to a ﬁ nal concentration 
of 1% (vol/vol) and incubated on ice for 30 min before separation by 
density gradient centrifugation. Fractions were collected from the bottom of 
the tube using a peristaltic pump. For extraction experiments shown in  Figs. 
4 and 5 , the 16-Kg pellet was resuspended in buffer N and adjusted to the 
indicated conditions by the addition of 4 × concentrated buffers. Extrac-
tions were performed for 30 min on ice and then centrifuged at 100,000  g 
for 45 min to obtain pellet and supernatant fractions. These were re-
suspended to equal volumes and protein distribution was determined by 
ECL Western blotting (Millipore). Primary antibodies were obtained from the 
following sources: antithiolase, R. Rachubinski (University of Alberta Ed-
monton, Alberta, Canada); anti-porin, F. Nargang (University of Alberta 
Edmonton); anti-GFP, Clontech Laboratories, Inc.; anti-HEX,  Jedd and Chua 
(2000) ; and peroxidase-coupled anti-HA, Roche. Secondary antibodies 
were obtained from the following sources: HRP-coupled anti – Rabbit IgG 
(H + L) for use with anti-HEX, anti-Porin, and anti-GFP antibodies, Jackson 
ImmunoResearch Laboratories; and HRP-coupled anti – guinea pig IgG for 
use with antithiolase, Dako. 
 Immunoprecipitation 
 For WSC – WSC and WSC – HEX coimmunoprecipitation, a volume of fro-
zen powder equal to   0.25 ml was resuspended in 0.5 ml of buffer N 
containing 1% Triton X-100. The crude extract was centrifuged at 800  g 
for 5 min to remove cellular debris. The supernatant was recovered and 
BSA was added to a ﬁ nal concentration of 0.1 mg/ml. A packed volume 
of 15  μ l of agarose-coupled anti-HA antibodies (Roche) was added and 
binding was performed for 1 h at 4 ° C. Beads were washed four times in 
0.5 ml of buffer N containing 1% Triton X-100 and the precipitate was 
Identifi cation of the molecules that link the peroxisomes of 
fi lamentous fungi to the cytoskeleton should help resolve the 
mechanism of partitioning. 
 Yeast peroxisomal segregation is controlled by a  “ tug-of-
war ” mechanism, where cortical anchoring counteracts acto-
myosin-dependent transport into daughter cells ( Fagarasanu 
et al., 2006 ), and mutants defective in cortical association accu-
mulate reduced numbers of enlarged peroxisomes ( Fagarasanu 
et al., 2005 ). Similarly, yeast mitochondrial segregation depends 
on a balance between retention at the mother cell cortex ( Yang 
et al., 1999 ;  Cerveny et al., 2007 ) and actomyosin-dependent 
transport into daughter cells ( Itoh et al., 2002 ;  Boldogh et al., 
2003 ). Mutations that disrupt this balance result in defects in 
segregation and the accumulation of enlarged and morphologi-
cally abnormal mitochondria ( Burgess et al., 1994 ;  Sogo and 
Yaffe, 1994 ;  Berger et al., 1997 ;  Cerveny et al., 2007 ). 
 The proteins controlling the segregation of yeast peroxi-
somes, mitochondria, and fungal WBs are unrelated at the se-
quence level and probably independently evolved. However, 
these systems all use cortical association to control organellar 
segregation and tend to couple morphogenesis and segregation, 
suggesting that they have converged on a common basic strat-
egy. Unlike yeast peroxisomes and mitochondria, WB biogenesis 
from peroxisomes is an asymmetrical process that results in 
physically and functionally distinct compartments. The dual 
function of WSC determines this asymmetry by binding and 
enveloping HEX assemblies and promoting WB segregation 
through cortical association. Continued studies in diverse sys-
tems should provide further insights into the basic mechanisms 
of organellar biogenesis as well as the innovations that allow 
each organelle to fulfi ll its unique biological imperatives. 
 Materials and methods 
 Culture conditions, fungal strains, and identiﬁ cation of mutants 
 Vogel ’ s N synthetic medium was used for growth in solid and liquid me-
dium ( Davis and de Serres, 1970 ), and  N. crassa conidia were trans-
formed by electroporation ( Turner et al., 1997 ) or, in the case of cosmids, 
by chemical transformation of spheroplasts ( Vollmer and Yanofsky, 1986 ). 
Crosses were performed as previously described ( Davis and de Serres, 
1970 ). For the induction of colonial growth, conidia were grown in plating 
medium as previously described ( Davis and de Serres, 1970 ). Gene dele-
tions were constructed through the direct transformation of deletion frag-
ments obtained from fusion PCR using sets of oligos (Table S3, available at 
http://www.jcb.org/cgi/content/full/jcb.200705049/DC1) that fuse 5  
and 3  homology regions to the hygromycin resistance cassette.  dnm1 and 
 vps1 mutants do not produce spores and are infertile. These mutants were 
maintained in heterokaryons and obtained in the haploid state by plating 
and PCR screening of resultant colonies. A list of strains used in this study 
can be found in Table S1. 
 Mutants were obtained by UV irradiation of wild-type (FGSC 
#465)  N. crassa conidia to   50% lethality. Mutated conidia were plated 
in a top-agar medium that induces tip lysis and colonial growth ( Davis 
and de Serres, 1970 ), and after 3 d, colonies were screened on a stereo-
microscope for excessive bleeding of protoplasm. To aid in the detection 
of mutants, the dye phyloxin B was added to the medium to a concentra-
tion of 7.5  μ g/ml. Mutants selected in this manner were backcrossed using 
standard methods, and heterokaryons were used to identify complementation 
groups ( Davis and de Serres, 1970 ). Mutants in  pex genes were identi-
ﬁ ed either by complementation using genomic fragments of candidate 
 pex genes or through noncomplementation of deletion strains ( Colot et al., 
2006 ) obtained from the Fungal Genetics Stock Center. The linkage tester 
strain  alcoy ( Perkins, 1991 ) was used for mapping the  wsc mutant and, 
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3  -SphI. After sequencing, these two partial YFP fragments were cloned 
into GJP #1050 using XbaI and SphI to create in-frame fusions, resulting in 
GJP #1302 and 1304. 
 Targeting RFP to the peroxisome matrix.  To construct a version of 
RFP that serves as marker of peroxisomal matrix, the RFP fragment was am-
pliﬁ ed from pRSET – B mCherry ( Shaner et al., 2004 ) using primers NotI.
pts1.ch.5  and PacI.pts1.ch.3  , which introduce NotI and PacI restriction 
sites and append the PTS1 tripeptide SRL to the C terminus of RFP. The ex-
pression plasmid GJP #613 contains a genomic fragment of the  hex gene 
where an intron has been introduced into the 3  UTR ( Tey et al., 2005 ). The 
RFP-PTS1 fragment was subsequently cloned into this vector to produce GJP 
#1406. 
 PEX14-GFP fusion protein.  A  pex14 fragment was ampliﬁ ed from 
genomic DNA, using primers Pex14-SpeI and Pex14-PacI. After sequencing, 
this fragment was cloned into plasmid pMF272 with SpeI and PacI to create 
an in-frame fusion, resulting in plasmid GJP #1530. 
 Plasmids for expression in yeast.  To express WSC – GFP in yeast, a 
 wsc – gfp cDNA was ampliﬁ ed by RT-PCR using total mRNA from GSF 
#629 using primers wsc-gfp-5  -SpeI and wsc-gfp-3  -XhoI. To express RFP-
PTS1 in yeast, an  rfp-pts1 fragment was ampliﬁ ed from GJP #1406 using 
PCR and primers mCherry-5  -SpeI and mCherry-3  -XhoI. These two frag-
ments were ﬁ rst cloned into the TOPOII vector for sequencing and then 
subcloned into plasmid p416GPD and p413GPD to produce GJP #1662 
and 1712, respectively. 
 Microscopy 
 All imaging was done at room temperature,   26 ° C. For confocal micros-
copy, a microscope (Meta Upright; Carl Zeiss, Inc.) ﬁ tted with a 100 × /1.4 
NA oil immersion objective lens (Plan-apochromat) was used. Differential 
interference contrast and ﬂ uorescence images were simultaneously ob-
tained. Enhanced GFP was imaged using 488-nm excitation and a 500 –
 530-nm band-pass ﬁ lter, and RFP was imaged using 543-nm excitation 
and a 565 – 615-nm band-pass ﬁ lter. The pinhole diameter was set at 1 airy 
unit, and for simultaneous imaging of enhanced GFP and RFP the single-
track function was used. To quantify peroxisome size and mean levels of 
GFP-PTS1 shown in  Fig. 5 D , we used Metamorph software (MDS Analyti-
cal Technologies) and integrated morphometry analysis. The micrographs 
shown in  Figs. 1 (A and B), 4 B, 6 (D and F), and 7 (A and C) were taken 
using an epiﬂ uorescence microscope (BX51; Olympus) equipped with a 
100 × /1.4 NA oil immersion objective (UplanSapo) and a digital camera 
(Coolsnap ES; Photometrics) controlled by Metamorph software. The videos 
were acquired using the stream acquisition function. The ﬁ gures were created 
using Photoshop 7.0 software (Adobe) and, in some cases, where the bright-
ness of the image needed adjustment, we used the image-adjustments-
curves function. 
 Sequence analysis 
 WSC-related sequences were obtained from the National Center for Bio-
technology Information (www.ncbi.nlm.nih.gov/BLAST) and the Fungal Ge-
nome Project at the Broad Institute (www.broad.mit.edu/annotation/fgi). 
These were aligned using ClustalX ( Thompson et al., 1997 ) and the align-
ment was subjected to Bayesian-based tree construction using MrBayes3.1.2 
( Huelsenbeck and Ronquist, 2001 ). After the burn-in phase, every 100th 
generation for 40,000 generations was considered. The 50% majority tree 
is shown with percent posterior probabilities shown at each node. For the 
prediction of transmembrane domains highlighted in  Fig. 2 B , sequences 
were submitted to the TMpred server (http://www.ch.embnet.org/
software/TMPRED_form.html). Predicted transmembrane domains scoring 
 > 500 are highlighted in yellow and those scoring  < 500 are highlighted in 
pink. The sequences that were used to create  Fig. 2 C are available under 
the following accession nos.: PMP22.AT,  CAB77915 ; PMP22.CA,  XP_
717821 ; PMP22.CC,  EAU92685.1 ; PMP22.DD,  XP_635840 ; PMP22.
DM,  AAF47541 ; PMP22.HS,  XP_001126107 ; PMP22.KL,  CAH00328 ; 
PMP22.OS,  XP_483851 ; PMP22.UM,  XP_756258 ; PMP22.XT,  NP_
001006885 ; PMP22.YL,  XP_505475 ; SYM1.AF,  XP_748225 ; SYM1.AO, 
 BAE66121 ; SYM1.AT,  AAN46791 ; SYM1.CA,  XP_711828 ; SYM1GZ, 
 XP_380906 ; SYM1.HS,  NP_002428 ; SYM1.KL,  XP_456102 ; SYM1.NC, 
 XP_963854 ; SYM1.SC,  NP_013352 ; SYM1.SP,  CAA93564 ; SYM1.UM, 
 XP_759354 ; SYM1.YL,  XP_502197 ; WSC.AF,  XP_756042 ; WSC.AN, 
 XP_680527 ; WSC.AO,  BAE61217 ; WSC.GZ,  XP_384295 ; WSC.HC, 
 EAS28198 ; WSC.MG,  XP_359485 ; and WSC.NC,  XP_963103 . 
 Online supplemental material 
 Fig. S1 shows that  wsc growth defects are suppressed by  hex and  pex14 
mutation. Fig. S2 shows that   vps1 ,   dnm1 , and   ﬁ s1 produce functional 
released by boiling in SDS-PAGE loading buffer. Precipitates were re-
solved on SDS-PAGE and Western blotting was used to reveal the indi-
cated proteins. 
 Construction of plasmids 
 Plasmid construction is described in this section and a list of plasmids used 
in this study can be found in Table S2 (available at http://www.jcb.org/
cgi/content/full/jcb.200705049/DC1). Sequences of oligonucleotides 
used for PCR and mutagenesis can be found in Table S3. Restriction sites 
and mutants were introduced using the QuikChange site-directed mutagen-
esis kit (Stratagene). 
 A modiﬁ ed hygromycin B resistance-encoding plasmid.  To construct a 
pBluescript II SK + (BS + SK; Stratagene)  – based cloning vector containing 
the hygromycin resistance cassette and useful NotI and PacI restriction sites, 
a PacI site was ﬁ rst introduced into BS + SK, using primers BS + SK.PacI.f and 
BS + SK.PacI.r. The hygromycin cassette was then ampliﬁ ed from pCSN43 
( Staben et al., 1989 ), using primers HYGr.NotI and HYGr.PacI, and cloned 
into the modiﬁ ed BS + SK using NotI and PacI restriction sites. The PacI site 
was then mutated, using primers PacI.kill.1 and PacI.kill.2, and a new PacI site 
was reintroduced into the vicinity of the NotI site using primers PacI.create.1 
and PacI.create.2, resulting in GJP #961. 
 Genomic  wsc .  To construct a plasmid carrying a genomic fragment 
of  wsc ,  wsc was ampliﬁ ed from genomic DNA using primers 7842.f-2 and 
7842.r-2 and this fragment was cloned into the TOPOII vector, producing 
GJP #1001. The  wsc genomic fragment was then subcloned to GJP #961 
using NotI and PacI, and this produced the plasmid GJP #1010. 
 wsc deletion.  A  wsc deletion cassette was constructed using fusion 
PCR. The 3  and 5  frank of  wsc were ampliﬁ ed using GJP #1001 as a 
template and the primers 7842.P-1, 7842.P-2 and 7842.P-3, and 7842.
P-4, respectively. The hygromycin B resistance cassette was ampliﬁ ed 
from the plasmid GJP #961 using primers 7842.P-5 and 7842.P-6. These 
three fragments were puriﬁ ed and fused using primers 7842.P-1 and 
7842.P-4. The fused product was cloned into the TOPOII vector (Invitrogen), 
producing GJP #1009. This vector was transformed into a  mus51 dele-
tion strain (FGSC #9179) by electroporation, and homologous integrants 
were identiﬁ ed by PCR. Deletion strains were then backcrossed to remove 
the  mus51 mutation. 
 GFP and epitope tagging of  wsc .  GFP and 3 × HA epitope tag were 
ampliﬁ ed from plasmid pEGFP-N1 (Clontech Laboratories, Inc.) and 
pREP41 ( Craven et al., 1998 ), using primers eGFP-3  -XbaI, eGFP-3  -SphI 
and HA.3  -XbaI, and HA.3  -SphI, respectively. These two fragments were 
cloned into the TOPOII vector and sequenced. To introduce these two frag-
ments into the genomic version of  wsc , site-directed mutagenesis was used 
to create XbaI and SphI restriction sites at the 3  end of the  wsc structural 
gene, using primers 7842 – 3  -Mut-1, 7842 – 3  -Mut-2 and 7842 – 3  -Mut-3, 
and 7842 – 3  -Mut-4, respectively. This produced GJP #1050. GFP and 
3 × HA were subcloned into GJP #1050 using XbaI and SphI to create in-
frame fusions, resulting in GJP #1081 and GJP #1064, respectively. 
 Targeting  wsc derivatives to the  his-3 locus.  To construct both GFP 
and epitope-tagged  wsc genomic fragments for  his-3 targeting,  wsc – GFP 
and  wsc -3 × HA were ampliﬁ ed from GJP #1081 and GJP #1064, using 
primers 7842.f-2 and 7842.r-3. These two fragments were cloned into 
pBM60 ( Margolin et al., 1997 ) using NotI and SpeI restriction sites, pro-
ducing GJP #1245 and GJP #1353. 
 Plasmids for  wsc overexpression.  A  wsc – gfp fragment was ampli-
ﬁ ed with primers wsc5  -NotI and wsc3  -PacI, using GJP #1245 as a tem-
plate. This fragment was cloned directly into the TOPOII vector, sequenced, 
and subcloned into the  hex promoter containing expression vector GJP 
#1406, using NotI and PacI. This produced GJP #1500. The mutations 
R102Q and R102W were introduced into epitope-tagged (GJP #1353) 
and GFP-fused (GJP #1245) versions of  wsc using site-directed mutagene-
sis with primers  wsc -Mut7-f,  wsc -Mut7-r (R102Q) and  wsc -Mut8-f, and  wsc -
Mut8-r (R102W). This produced the plasmids GJP #1322 and 1372, 
containing the  wscR102Q , and GJP #1324 and 1361, containing the 
 wscR102W mutation. 
 Constructs for WSC – WSC immunoprecipitation.  The R102W muta-
tion was introduced into epitope-tagged (GJP #1064) and GFP-fused (GJP 
#1081) versions of  wsc , resulting in GJP #1561 and 1564. For WSC-
R102W-GFP overexpression, the R102W mutation was introduced into the 
 hex promoter – controlled version of  wsc (GJP #1500), producing plasmid 
GJP #1821. 
 BiFC.  To express half of YFP fused to WSC, YFP1-154 and YFP155-
238 were ampliﬁ ed from plasmid pEYFP-N1 (Clontech Laboratories, Inc.) 
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A new gene-tagging method (marker fusion tagging [MFT]) is demonstrated for Neurospora crassa and Magna-
porthe oryzae. Translational fusions between the hygromycin B resistance gene and variousmarkers are inserted into
genes of interest by homologous recombination to produce chromosomally encoded fusion proteins. This method
can produce tags at any position and create deletion alleles that maintain N- and C-terminal sequences. We show
the utility of MFT by producing enhanced green fluorescent protein (EGFP) tags in proteins localized to nuclei,
spindle pole bodies, septal pore plugs, Woronin bodies, developing septa, and the endoplasmic reticulum.
The use of homologous recombination to delete or tag chro-
mosomally encoded genes is a key tool in modern biology. Where
homologous recombination has been exploited, integrating DNA
fragments are selected using marker genes under the control of
their own constitutive promoters. As a result, the production of
chromosomally encoded fusion proteins has largely been re-
stricted to tagging genes at their 3 ends, where selectable markers
are unlikely to have a major impact on gene expression (5, 6, 15).
We reasoned that expressed genes might be tagged at any
position by integrating a promoterless tag-fused selectable
marker directly into the gene of interest to produce a chromo-
somally encoded fusion protein. We began by creating an in-
frame fusion of the hygromycin B resistance gene (hygr) and
the enhanced green fluorescent protein (EGFP) (Fig. 1a). Fu-
sion PCR was then used to generate integration fragments
(Fig. 1b and c) flanked by in-frame sequences from a set of
Neurospora target genes encoding proteins selected for their
distinctive localization patterns and loss-of-function pheno-
types. We tagged the fungal spindle pole body (SPB) protein
ApsB (12) at the N terminus [apsB::hygr-gfp(N)], the soft pro-
tein (SO), which localizes to septal plugs (3), between residues
40 and 68 [so::hygr-gfp(40–68)], and the VIB-1 nuclear pro-
tein, which has been associated with programmed cell death
(2) at the C terminus [vib-1::hygr-gfp(C)].
Six primers (P1 to P6) are required for PCR synthesis of
fusion cassettes (Fig. 1b and c). Primer P1 is located about 700
bp upstream of the integration site, while P6 is located 700 bp
downstream from the integration site. P2 and P5 are located
immediately at the integration site, with a 20-bp overlap with
the hygr-gfp fragment. P3 and P4 are complements of P2 and
P5, respectively. Primers 2 and 3 and 4 and 5 define the reading
frame of the translational fusion. In the first step, 3 fragments
are produced using the Expand long template PCR kit (Roche
Bioscience) with the following PCR protocol: step 1, initial
denaturation (94°C for 2 min); step 2, denaturation (94°C for
30 s); step 3, annealing (52°C for 30 s); step 4, elongation (68°C
for 1 min); step 5, repeat from step 2 to step 4 30 times; and
step 6, fragment finishing (72°C for 5 min). PCR products were
checked and gel purified using the GFX gel purification kit
(GE Healthcare). Fusion PCR with these three fragments was
carried out using primers 1 and 6 and the same PCR protocol,
with an elongation time of 2 min 30 s (step 4). Fusion PCR
products were checked on gels, ethanol precipitated, and used
directly for transformation of Neurospora crassa conidia.
Vogel’s N synthetic medium was used for growth on solid
medium (1). Transformation of N. crassa conidia (FGSC 9720)
was carried out by electroporation as previously described (11)
and plated on selective plates with 100 g/ml of hygromycin B.
Transformants were then screened for GFP signal. Primers P7
and P8, which fall outside of the integration fragment, are used
in conjunction with primers 9 and 10 to confirm proper inte-
gration (Fig. 1d).
In all three cases, the properly integrated tags were recov-
ered under stringent hygromycin B selection (100 g/ml) and
produced GFP fluorescence patterns consistent with localiza-
tion to the SPBs, pore plugs and nuclei, respectively (Fig. 2a).
These data show that hygromycin B resistance can be engen-
dered from chromosomally encoded fusion proteins localized
to distinct cellular compartments. Moreover, both vib-1 and so
mutants display reduced colonial growth, while tagged strains
grow at wild-type rates, suggesting that these tagged proteins
are functional (Fig. 2b). To enhance the utility of this system
we also constructed in-frame hygr fusions to the mCherry flu-
orescent protein and triple-hemagglutinin (HA) epitope tag
(Fig. 1a). Thus, when useful tags are identified, an additional
pair of primers (primers 4 and 5) allow the integration of other
tags at the same position. Plasmids bearing the hyrr-egfp, hygr-
* Corresponding author. Mailing address: Temasek Life Sciences
Laboratory and Department of Biological Sciences, National Univer-
sity of Singapore, Singapore 117604. Phone: 65 93380462. Fax: 65
68727007. E-mail: gregory@tll.org.sg.
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3HA and hygr-mCherry cassettes can be obtained from the
Fungal Genetics Stock Center (FGSC; http://www.fgsc.net/).
We also tagged previously uncharacterized Neurospora pro-
teins: NCU06705 contains a conserved domain of unknown
function (DUF1777), NCU03679 carries a single predicted
transmembrane domain and represents a gene family unique
to the Pezizomycotina, and NCU03897 is a conserved RNA-
binding protein encoding multiple KH domains. The yeast
homolog (Scp160) of the last protein is known to be polysome
associated and localized to the nuclear envelope and endo-
plasmic reticulum (4). Tags were recovered for all of these
genes, and these localized to cytoplasmic punctate struc-
tures (NCU06705), developing septa (NCU03679), and a peri-
nuclear compartment suggestive of the endoplasmic reticulum
(NCU03897) (Fig. 2a). The punctate structures observed in the
NCU06705-tagged strain appeared uniform in size and did not
colocalize with DAPI (4,6-diamidino-2-phenylindole)-stained
nuclei, suggesting that these are cytoplasmic. Together, these
results further demonstrate our ability to recover fusion tags in
proteins localized to diverse cellular compartments.
We next sought to apply marker fusion tagging (MFT) in
the plant pathogenic fungus Magnaporthe oryzae. We chose
FIG. 1. How MFT works. (a) The fusion tags hygr-gfp, hygr-mCherry, and hygr-3HA are shown schematically. (b) For each integration
fragment, three DNA fragments are amplified using a total of 6 primers. For simplicity, the figure depicts the production of an N-terminal tag.
Primers 1 and 2 amplify genomic DNA corresponding to the left flank, primers 3 and 4 amplify the plasmid-borne fusion tag, and primers 5 and
6 amplify the right flank. Primers 2 and 3 and 4 and 5 are complementary to each other and determine the fusion junction. When the tag is
integrated to the N terminus or within the gene of interest, the stop codon at the end of the tag is excluded from primers 4 and 5 but is included
for C-terminal tags. (c) The three fragments are purified and fused using primers 1 and 6. (d) Transformation followed by homologous
recombination results in gene tagging. Primers 4 and 5 can be varied when other tags are desired at the same position. Primers 7, 8, 9, and 10 are
used to confirm proper integration of the tag.
FIG. 2. Localization of hygr-gfp-tagged proteins. (a) Parentheses in the gene name indicate the position of the hygr-gfp tag. Both bright-field
(differential interference contrast [DIC]) and fluorescence (EGFP) images are shown. Bar, 10 m. To show that punctate structures produced by
the NCU06705 tag are cytoplasmic, the hyphae were fixed and counterstained with DAPI to reveal nuclei. Bar, 2 m. (b) Growth rates of the
indicated strains are shown with standard deviations.
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the homolog of the recently identified Woronin body tethering
protein, Leashin (8). Magnaporthe leashin (MGG_01625.6) en-
codes a 19,500-bp open reading frame predicted to encode a
6,500-amino-acid protein (Fig. 3a). An MFT integration fragment
(leashinmg::hyg-gfp3601-4149) was produced by fusion PCR as
described above and subcloned into a plasmid for Agrobacterium-
mediated transformation, and transformants were selected using
200 g/ml hygromycin B. The correct integration of the
leashinmg::hyg-gfp tag was verified by Southern blotting (Fig.
3a). In the leashinmg::hyg-gfp strain, GFP signal is observed at
both sides of the septal pore and from a region just beneath the
growing hyphal apex (Fig. 3b), both positions where Woronin
bodies are known to occur (7, 10). We also examined germi-
nating conidia and found discreet foci of GFP signal emanating
from the center of conidial cell walls, suggesting that these cell
walls are perforate and harbor Woronin bodies (Fig. 3c).
MFT can be applied to genes that are expressed under
conditions of selection and localized to a compartment where
the Hygr protein is capable of inactivating hygromycin B. The
HYGr protein is 341 amino acids in length and has a predicted
size of 38 kDa. In many cases in which GFP (27 kDa) is
tolerated, it is likely that HYGr-GFP (65 kDa) will also be
tolerated. This is demonstrated for the SOFT and VIB-1 fu-
sions presented here (Fig. 2). However, in some cases this may
not be the true. As with any form of epitope tagging, fusion
proteins can interfere with normal protein function. Thus,
whenever functional tags are sought, these need to be carefully
compared with wild-type and deletion strains to assess their
effect on protein function.
Genome-wide tagging studies in the yeast Saccharomyces
cerevisiae suggest that between 60 and 80% of genes are ex-
pressed during vegetative growth (5, 6), suggesting that a rea-
sonable proportion of genes can be studied by MFT. Here we
show that cytoplasmic and nuclear proteins can be tagged by
MFT. In addition, we have successfully tagged a number of
Neurospora genes that do not produce visible GFP fluores-
cence (data not shown), suggesting that relatively-low-abun-
dance proteins can produce levels of HYGr activity sufficient
for the selection of primary transformants.
MFT provides an efficient method for deletion analysis that
is especially useful where large multidomain proteins are un-
der investigation. Previously, we used MFT to produce epitope
and GFP tags at the large (30 kb) Neurospora leashin locus.
MFT-derived deletions further allowed us to test specific mod-
els of leashin evolution (8). Tagging of Magnaporthe leashin
(Fig. 3) shows that this method is not restricted to Neurospora
and can probably be applied in a variety of cellular systems
where homologous recombination is available.
As with MFT, site-specific recombination systems also allow
integration at any position (13, 14, 16); however, these meth-
ods require additional genetic engineering and secondary re-
combination events for the excision of selectable markers. In
MFT, a single recombination event allows tagging of chromo-
somally encoded genes at any position and the production of
deletion alleles that maintain N- and C-terminal sequences.
The hygromycin B resistance gene is widely used as a selectable
marker, suggesting that MFT may be useful in a variety of
other organisms. The HYGr protein inactivates hygromycin B
by ATP-dependent phosphorylation (9), and our results dem-
onstrate that this activity can function in fusion proteins pro-
duced at various levels and localized to distinct cellular com-
partments (Fig. 2 and 3). Other selectable markers may also
function as fusion proteins, potentially expanding the context
in which this method can be applied.
We thank the Temasek Life Sciences Laboratory and Singapore
Millennium Foundation for funding.
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